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ABSTRACT

Theoretical calculations have been made of the mean energy loss, pathlength,
range, multiple scattering, and pathlength straggling of protons in 74 materials,
including materials regularly used in radiation shielding and dosimetry.
Emphasis has been placed on obtaining accurate results, especially for heavy
materials and protons of very low energy. Values of the energy loss between
0.1 and 1.0 Mev were obtained by smoothing and interpolating experimental
information. Above 1.0 ifev, the Bethe equation with all the necessary shell
corrections has been used. The polarization effect has been calculated in
detail for each material. Ranges have been obtained from the pathlengths by
use of detailed multiple coulomb scattering theory. Comprehensive tabulations
of the range straggling and multiple scattering have been presented for each
of the materials. The energy loss and range calculations have been compared
with the available experimental data and the mean deviation is usually within
1.0 percent. Deviation rarely exceeds the estimated error of the experimental
data. The theoretical approach is also discussed in detail, and the methcd
used to obtain the K, L, H, N, and 0 shell corrections is presented. A first-
order correction has been made which compensates for the molecular binding
effects occurring in compounds. The probability that a proton will undergo
an inelastic nuclear interaction throughout its entire pathlength is also

tabulated.
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SECTION I

INTRODUCTION

The energy loss, range, pathlength, pathlength straggling, and mtultiple

scattering of protons in absorbing media are of considerable importance to

many research groups. In the past, the demand for such information has been

generally limited to the practical requirements of nuclear physics research;

however, the parameters which govern the energy loss mechanism are now being

studied with interest by shielding groups, geophysicists, and biophysicists.

The express purpose of this report is to provide an accurate set of tables

which contain the significant parameters pertinent to the interaction of

protons with matter. These tabulations have been provided for a large number

of materials in an energy grid which is fine enough to permit simple linear

interpolation in obtaining intermediate numbers with no loss of accuracy in

the significant figures.

Although proton pathlength and energy loss have been presented in several

other reports (References 1 through 10), no comprehensive set of calculations

has been published which considers energy loss, pathlength, range, straggling,

multiple scattering, and the probability of an inelastic nuclear interaction,

The results of such calculations have many practical uses. It is common

practice at many proton accelerator facilities to rely upon tables such as

these for values of the proton range and energy loss. The beam energy is

frequently estimated by measuring the particle transmission through a known

thickness of degrader. When this is done, reliable values of the multiple

scattering are essential to the accuracy of the results. This information has

not been previously available over a wide energy range for a sufficient number

of materials.

The interest of the biophysicist in protons is a result of the large amount

of energy transferred by such protons to an absorbing medium composed of living

cells. Low energy protons transfer much more energy per unit pathlength than

do protons of high energies. Biological experiments indicate that a rapid

increase in the energy transferred results in a sharp increase in the cell

lethality. In addition, the recovery probability of living cells appears to be
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directly related to the energy transferred per unit pathlength by the incident

radiation. Exploration of the energy loss of protons is therefore of biological

significance, and requires that the energy loss of a proton traversing an

absorbing medium be known accurately.

The interest of the geophysicist engaged in space radiation research is

akin to that of the shielding groups. Many organizations involved in manned or

unmanned spaceflight, as well as those involved in reactor and accelkrator

technology, have developed computer codes which are capable of solving shielding

problems by using radiation transport techniques. The primary proton penetra-

tion and energy loss are usually obtained from tables within these codes. The

input data for these tables usually are obtained from the literature, such as

those in references 1 through 9.

It appears that there have been some misuse of these data, since all but one

of the above references provide the pathlength, not the range. The shielding

problem usually requires the range, and not the pathlength. These terms appear

to hav been used almost interchangeably in the past. The pathlength and

range should not be considered identical, as they differ in some cases by

several percent. It should be emphasized that the straggling and multiple

scattering of protons are not negligible if accurate results are required.

Since the terminology used in this report is somewhat different from that

suggested by Fano in a recent review (Ref. 11), it is felt that some preliminary

definition of terms is called for here, even though all of the important quan-

tities will be mathematically defined in later sections. The terminology of

reference 11 is indicated in parentheses whenever a difference exists.

PATHLENGTH (Continuous Slowing Down Approximation Range, CSDA) is the total

mean distance traveled by protons from the point at which they enter the

material with a definite kinetic energy to the point at which this energy is

nearly zero and no additional displacements are observed. Protons which

undergo inelastic nuclear interactions suffer abrupt energy losses; this

definition does net apply to them.

RANGE (Projected Range) is the mean depth of penetration measured along a

straight line from the point at which the protons enter an absorbing medium to

the point at which additional displacement is no longer detectable. The range

is always less than the pathlength by a small but finite amount. This is a

result of the multiple scattering process, which has been calculated in detail

for all energies and each material.

2
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PATHLENGTH STRAGGLING is primarily the result of the statistical process

involved in the proton energy loss mechanism. Protons lose kinetic energy in

small discrete amounts as they undergo a multitude of collisions with atomic

electrons. Thus, an initially monoenergetic beam of protons will have an energy

spread after passing through a finite thickness of absorber. This causes a

small but definite straggling to exist about the mean total pathlength. This

straggling has been graphically demonstrated with the pathlength and range in

figure 1.

MONOENERGETIC ABSORBER
INCIDENT PROTONS
HAVING INETIC AVERAGE TOTAL PATH LEINGTH, ] p, OF A SIN3LE PROTON

ENERYE(GREATIX EXAGGERATED SCATTE4IN63)

-I MEAN PROTON RANGE, R

DISTRISUTON OF TOTAL AITH LENGTHS FOR PROTONS OF
INITAL ENERGY, E, ABOUT MEAN PATH LENGTH or

THE STANDARD DEVIATION, a',

Figure 1. Illustration of the Relationship Between Average Pathlength,
Mean Range, and Pathlength Straggling

MEAN EXCITATION ENERGY is the mean value of all the excitation and ionization

potentials of the atom, ard represents the average least energy that can be

transferred to an atomically bound electron, This quantity can be rigorously

defined in terms of the atomic ab!z rption frequencies, Ei/h, and the oscillator

strengths, fi' by: I = _xp[Zif i nE I ] (Ref. 11). In principle, this could be

done for all el.:,ents; in practice such calculations have been carried out for

only a f-w of the simplest cases. The numerical value of the mean excitation

3
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energy must be defined in association with stopping power corrections for the

nonparticipation of inner shell electrons which remain finite in the extreme

relativistic limit.

ADJUSTED IONIZATION POTENTIAL (Adjusted Mean Excitation Energy) is related

directly to the mean excitation- energy, and is the "ionization potential" which

is most frequently used in conjunction with charged-particle energy-loss equa-

tions. It is usually determined experimentally assuming that all corrections

to the stopping power equation for the nonparticipation of the inner shell

electrons are negligible at very high proton energies and that they are zero in

the extreme relativistic limit. Although Fano and Turner (Ref. 12) have shown

that the shell corrections do not actually vanish even at the highest energies,

the assumption of vanishing shell corrections does yield accurate results if

the adjusted ionization potentials are chosen with this assumption in mind.

Derivations of the equations which have been used are not presented or

discussed in detail here, since tbese relationships are well known and may be

found in the references.

4
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SECTION II

ENERGY LOSS CALCULATIONS

1. Proton Energy Loss

Protons traversing matter may lose energy by any or all of the following

interactions:

a. Excitation and ionization of the atoms and molecules of the absorbing

material are the dominant mode of loss by moderate- and low-energy protons.

b. Inelastic nuclear collisions become quite significant at high proton

energies and contribute heavily to the total energy loss.

c. Elastic interactions occur with atoms in which the incident proton

transfers kinetic energy to the recoil nuclei.

d. Photon emission i. atomic fields because of particle deceleration is the

least important of the proton energy-loss processes. This interaction is

commonly called bremsstrahlung.

The proton energy loss by ionization and excitation has been calculated using

the well-known Bethe equation (Ref. 10), and has been corrected for the effects

of nonparticipating inner shell electrons. The probability that a proton will

undergo an inelastic nuclear interaction throughout the entire stopping process

has been tabulated to estimate the significance of these collisions.

The contribution of elastic nuclear collisions to the total energy loss is

less than one tenth of 1 percent at 0.1 Mev, and is even less significant at

higher kinetic energies. For this reason such elastic collisions have not been

considered.

When it is compared with the ionization and excitation energy loss, proton

bremsstrahlung is completely negligible at the energies considered here and has

not been included in the calculations. For example, emission of virtual photons

and bremsstrahlung is only a fraction of 1 percent of the total energy loss for

10 Bev protons, drops sharply at lower energies, and is insignificant at the

minimum ionization energy (Ref. 13). The minimum ionization energy is near 2 Bev

and is the highest energy considered In this report.

2. The Bethe Equation

Th, he Equation for the energy loss from atomic ionization and excitation

is
5
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2N z2 e4  [i Ei~
1 dE 2 No Z 2mc 2 8 2 W- 28 -(
pdX M 2 a2 A J (i-(2) Z

L adjJ

where

W is the maximum kinetic energy which can be transferred to an electron
which is initially at rest.

p = density of the material.

z = effective charge of proton (unity above 0.5 Mev).

c = velocity of light in a vacuum.

e = electronic charge in esu.

m = rest mass of the electron.

A = the atomic weight of the stopping material

N = Avogadro's Number.0

Z = atomic number of the stopping material.

I ad= the adjusted ionization potential.

= ratio of the incident particle velocity to the velocity of light; v/c.

ZCi = the sum of the effects of shell corrections on stopping power.

A = the polarization effect correction term.

The maximum energy transfer W can be expressed as a function of proton energy

or as a function of the particle velocity. In the interest of consistency,

however, only the latter has been used:

-1

W 2mc 2 82  + ---- 2

1 -82 it 1v- 2 +\()m (2)

where M is the proton rest mass.

When equations (1) and (2) are combined, the result is

z2e zie4
_dE _ 0 Z In_ 2mc22 _ 2

p dX mc282 A Z 2 (3'

ad ( 02)183

6
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The form of this equation published by Livingston and Bethe in 1937 (Ref. 10)

neglects the small effects of the square root term within the logarithm. This

term is quite close to unity except at very high energies. For example, omission

of the term increases the energy loss at 1000 Mev by only 0.017 percent in

aluminum. Nevertheless, it has been included in the calculations.

In order that the derivation which results in equation (1) be valid, the

energy transferred to an atomic electron must in general be greater than the

binding energy of that electron in its atomic shell. This condition can be

partially removed by appropriate use of the shell corrections described in a

later section. The incident proton must also be represented accurately by a

point charge and a point mass. This is the case for all the energies presently

under consideration. Although it is not a rigorous requirement, another useful

indication of the low-energy validity of equation (3) is the numerical value of

the logarithmic term, which should generally be greater than zero. This

requires that the kinetic energy of the proton be

E ad l (4)
m 4

where M is the rest mass of the proton. This condition is always satisfied for

1.0 Nev protons.

3. The Polarization Effect

The perturbation of the field of the passing proton which is caused by the

electric polarization of the surrounding atoms results in a reduction of the

energy lost by the charged particle. This effect has been discussed in detail

by several authors (Refs. 14 through 18). The energy loss is usually reduced

by less than a percent at the energies calculated in this report. At 1000 Mev

the stopping power is reduced by 0.8 percent in beryllium, 0.5 percent in

copper, and is insignificant for very low density materials, such as gases, at

standard temperatures and pressures. For elements having higher atom(c numbers

the medium is less strongly polarized because most of the atomic electrons are

more tightly bound.

Although approximate corrections are available for a number of materials

in references 16 and 17, the polarization correction has been calculated here

for each material using the fundamental equations of the theoretical model

proposed by Sternheimer in the aforementioned references. This correction has

7
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been applied to all of the materials tabulated in this report. The result

obtained for aluminum is compared to that of Sternheimer and the calculation of

Hill et al. in figure 2.

.1I I I I I I

z

7 STERNHEIMER (REFS 16,17)
o 7

W

U. .00,
U- 5

~HILL, ET AL. IREF 8

..

uJ

. THIS REPORT
I-

.0: I I I I I

300 400 500 600 700 800 900 1000

PROTON ENERGY ( MEV)

Figure 2. A Comparison of the Polarization Effect Corrections Calculated
by Sternheimer, Hill et al., and This Report

The approach of this report provides sufficient accuracy in the determination

of this effect by considering the electrons of each shell. The tabulation of

Hill et al. includes the contribution of the electrons in each subshell, and

thus should provide slightly more accuracy at low energies. However, this

effect becomes less significant with decreasing proton energy, and minor errors

in an already small correction can easily be tolerated.

The polarization effect has been calculated for each material in the tables

by using the following procedure:

A E f ln i + T2 _ -
2. L+ E 2fT r2 ~ (5)

8



AFWL-TR-65-150

where T is an energy which is found by solving the following equation:

Z f 2 1 _ (6)
ii (Eir2 + T2) - 1

where E is the energy associated with the plasma frequency of the medium, and

is given by

4U 2N e2PZ-j2 0
mA(7)

The quantity fi is the classical oscillator strength of the i'th transition

whose energy is Ei, and is found by dividing the number of electrons in the i'th

shell by the atomic number. The ratio, r, is a correction which normalizes the

sum of the individual atomic Ionization potentials calculated from the energy

levels, Ei, and the classical oscillator strengths, fi' to the values found

experimentally. This ratio is greater than unity because the average of the

states to which the electrons are excited lies above the ionization limit in

the continuum (Refs. 16 and 17). For conductors this ratio is given with

sufficient accuracy by

J-1

nl -f ln(f ) l finE(r = exp ad 21 j l i (8)

E fi
i=l .

where j is the dispersion oscillator for the conduction electrons. For non-

conductors the required relationship is

r = exp in ad i 1 (9)

A few representative values of r and r2 are listed in table 1.

A further correction is required if the adjusted ionization potential of a

material is determined experimentally when that material is in a gaseous state,

and the energy loss is calculated for the solid state. The converse is also

true. This effect is very small and can be omitted with a negligible sacrifice

in the accuracy of the energy loss.

9
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The contribution of the E2fi term in the denominator of the logarithmic

factor in equation (5) has been included in all of the calculations, even though

its contribution is small except for the conduction electrons where El is zero.

As a result, the polarization effect correction which has been obtained is

slightly smaller than that of Sternheimer, who neglected the E2f. term for all

but the conduction electrons.

Table I

TYPICAL VALUES FOR r AND r2 OBTAINED FROM EQUATIONS (8) AND (9)

Element Atomic number r r2

Lithium 3 1.014 1.028

Beryllium 4 1.488 2.216

Aluminum 13 2.446 5.987

Copper 29 1.498 2.245

Silver 47 1.495 2.236

Gold 79 1.201 1.442

Lead 82 1.212 1.469

Uranium 92 1.161 1.347

4. The Ad usted Ionization Potentials

Most of the adjusted ionization potentials which have been used in performing

the calculations were selected from the theoretical and experimental evaluations

available from the literature (Refs. 19 through 40, 137 through 140; Table II).

When elements having known adjusted ionizai.ion potentials bracket an element

whose potential is unknown, linear interpolation has been used to obtain the

unknown value. In the cases of manganese and tin, it was possible to estimate

the necessary ionization potentials from the energy loss data at low energies.

This is a highly dubious procedure, and the results appear to be a little low

when compared with the I/Z values of the neighboring elements.

Theoretical estimates using hydrogenic wave functions and approximation

techniques would be expected to give good results for very low atomic number

elements. Such estimates have beEn made by Dalgarno (Ref. 22), and his numbers

have been used for the adjusted ionization potentials for the atomic state of

the first three elements, hydrogen, helium, and lithium. For the molecular

state of hydrogen, the recent measurement by Martin and Northcliffe has been

used (Ref. 23).

10
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Selection of an ionization potential fcr beryllium is made somewhat arbitrary

by the wide variance of values in the literature. The available estimates range

from 57 ev to 64 ev. If beryllium ionization potentials are obtained from

energy loss data near 1 Mev without application of a K shell correction, the

results obtained from such a procedure are about 2 ev higher than would be

expected otherwise. A value of 61 ev has been selected as a compromise (Ref. 24),

and provides good agreement with the available data.

The car'on, nitrogen, oxygen, and chlorine values were obtained from the

renormalized data of Thompson (Refs. 25, 29). The readjusted chlorine value

seems to be low, but it is the only available experimental point. Since all

of the other updated Tho-mpson potentials produce excellent results, his experi-

mental value has been used instead of the theoretical result of Brandt (Ref. 40).

Adjusted ionization potentials for a number of materials have been deter-

mined by Bichsel (Refs. 19, 21). His numbers have been used for neon, silicon,

argon, germanium, nickel, molybdenum, tantalum, and gold.

For aluminum the recent data points strongly to 163 ev, and this value gives

results which are in excellent agreement with several sets of experimental data.

Zrelov and Stoletov have made the most recent high-energy range measure-

ments for iron and cadmium (Ref. 24). Their experiment was conducted using

reliable techniques to determine the energy and estimate the multiple scattering,

and gives 273 ev for iron and 468 ev for cadmium. Both of these results have

been used.

The Subcommittee on Penetration of Charged Particles of the National

Research Council has suggested that 314 ev be used for copper; however, when

this was tried the resulting energy losses and ranges were not in sufficiently

good agreement with the bulk of the experimental data. The value of 320 ev

(Ref. 20) produces results which are in noticeably better agreement with the

low energy experimental data than those obtained using 314 ev.

An inconsistency also exists in the various available adjusted ionization

potentials for silver. Most of the values in the literatute appear to be much

too high. The linearly scaled value of 465 ev from the Bakker and Segre experi-

ment (Ref. 26) produces results which are in very good agreement with the

available experimental data.

Barkas and von Friesen have made high-energy experimental measurements of

the copper, lead, and uranium ionization potentials, using a detailed Monte

13
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Carlc technique to estimate multiple scattering and other effects. Their

copper value of 322 ev is quite close to that which was finally selected for

use in this report. Their lead and uranium values are the most recent available

and have been used.

Many experimental determinations of the adjusted ionization potential are

inaccurate because both the multiple scattering and nonparticipation of the

inner shell electrons in the stopping process have not been accounted for with

sufficient accuracy. These are significant effects in elements of medium and

high atomic numbers. The error limits assigned by experimenters are also

often underestimated and are not consistent with data from other sources.

The adjusted ionization potentials listed in table III were carefully

selected to give results which are in good agreement with most of the available

experimental data. In each case where a sufficient amount of experimental

information was available, other values were tried and comparisons with the

data were made. The final selection of an adjusted ionization potential for

a given element was made on a pragmatic basis wherever possible.

The relationship between the adjusted ionization potential, Iadj' and that

obtained from rigorous theoretical considerations, I , depends upon the

assumption of vanishing shell corrections in the extreme relativistic limit.

The numerical value of I can in principle be found by summing all of the

electronic excitation and ionization levels over the entire electron population

of the atom, while multiplying by the respective oscillator strangths of each

individual electron. This proves to be quite difficult and has been done for

only a few elements.

Nevertheless, I and I are related through the magnitude of the shell
adjcorrections at very high velocities. Fano and Turner (Ref. 12) have shown that

the shell corrections do not actually vanish at high energies, but tend toward

a finite limiting value, which they have calculated for several materials. Their

tabulations are presented in table IV.

The relationship between Iad j and I can be represented by

inlad= In I + [ZiCi/Z]j (10)

hence,

in I = In Iadj - [EiCi/Z] (11)
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Table III

ADJUSTED IONIZATION POTENTIALS

Reference Element Z I/z Iad(ev)

22 H (Atomic) 1 14.80 14.8

23 H (Molecular) 1 18.30 18.3

22 He 2 20.85 41.7

22 Li 3 12.93 38.8

24 Be 4 1.5.25 61.0

Interpolated B 5 13.60 68.0

25 C (Atomic) 6 12.52 75.1**

25 C (In compounds) 6 12.88 77.3**

29 N (Diatomic) 7 12.50 87.5 (Averaged)

25 N (In compounds) 7 14.21 99.5**
25 0 (Diatomic) 8 11.11 88.9
25 0 (In compounds) 8 12.31 98.5

Interpolated F 9 13.41 120.7

21 Ne 10 14.00 140.0

26, 21 Al 13 12.54 163.0

19 Si 14 12.14 170.0

25 C1 17 10.00 170.0**

21 Ar 18 11.39 205.0

* Mn 25 10.12 253.0

24 Fe 26 10.50 273.0

Interpolated Co 27 10.83 292.5

21 Ni 28 11.14 312.0

35 Cu 29 11.03 320.0

19 Ge 32 10.98 350.0

21 Mo 42 10.00 420.0

28 Ag 47 9.89 465.0***

24 Cd 48 9.75 468.0

* Sn 50 9.70 485.0

21 Ta 73 9.86 720.0

20, 21 Au 79 9.87 780.0

21, 35 Pb 82 9.88 810.0

27 U 92 9.87 908.0

*Determined from the experimental energy loss data of Green, Cooper, and
Harris (Ref. 41) using the shell corrections of Reference 73.

**These values were renormalized in Reference 29 and have been used here.
***Linearly rescaled to a value of 163 ev for aluminum.
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Table IV

LIMITING VALUES OF THE SHELL CORRECTIONS IN TIE EXTREIE RELATIVISTIC LIMIT (Ref. 12)

Atomic " C /Z E C
_lement number 0 =11

Beryllium 4 0.000 0.000

Aluminum 13 0.002 0.026

Argon 18 0.003 0.054

Copper 29 0.007 0.203

Silver 47 0.014 0.658

Lead 82 0.039 3.198

Uranium 92 0.051 4.692

where [EiCi/Z]I is the value for the total shell correction in the extreme

relativistic limit, and can be obtained for some materials from table IV.

It should be emphasized that the assumption of vanishing shell corrections

has been made in all of the calculations which have been performed. As long as

these corrections and the associated I adj values are applied consistently, this

approach provides final -results equivalent to those obtained by using I and

nonvanishing corrections.

When no data concerning the adjusted ionization potential were available,

the procedure which is discussed in the following paragrapIs was used.

Using the Thomas-Fermi model of the atom, Bloch found that for elements

with sufficiently large atomic numbers, the adjusted ionization potential should

be proportional to the atonic number according to the following relation (Ref.

38):

I = kZ k : 10 (12)

While predicting the correct trend, this expression does not result in

particularly accurate results when compared to the data of table III. Brandt

(Refs. 39, 40) has shown that a more detailed theor:tical approach results in

an equation of the following form:

I = kZ [1+ a (13)

This equation has been slightly modified and was used to fit the data of table

III over two regions to provide the additional adjusted ionization potentials

which were required.
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1a zl/Z + - 2 10>Z>25 (14)

I 9.78Z ri + 0.1961 Z>33 (15)
adj . 21 7j

The halogens and the noble gases tend tc depart somewhat from these

relationships, but all of the other adjusted ionization potentials listed in

table III are fit quite well. The value of the constant "a" in equation (14)

has been allowed to assume a residual dependence on the atomic number in order

to improve the accuracy of the fit. All values not available from table III

were calculated from the above equations with the exception of zinc, which was

obtained using the I/Z ratio for copper.

Although the decrease of the ratio I/Z with increasing atomic number is

evident, minor deviations are present. The binding effects of the valence

electrons in conductors along with the polarization effect are both contributing

factors. Some of the irregularities in the elements of low atcmic number are

undoubtedly the result of statistical effects bearing upon any averaging process

which involves only a few atomic electrons.

The high I/Z values for helium and neon are probably the result of the tight

electron binding due to the closed shells. This effect is not as pronounced

in the other inert gases because the number of electrons which reside in the

inner shells are not appreciably affected by the closing of an outer shell.

A small departure from the decreasing trend of I/Z occurs for the elements

having atomic numbers between 26 and 42. Green et al. (Ref. 41) find evidence

of a periodic fluctuation resulting from the order in which the atomic shells

are filled Electrons are added to the outer s and p she].ls from hydrogen to

argon, but beginning with scandium, the 3d shell begins to be filled. Between

copper and krypton, the 4s and 4p shells are being filled. The conduction

metals (21<Z<30) also have large electronic specific heats, and Bader et al.

(Ref. 42) have suggested that this might be irterpreted in terms of an

increased "effective" mass of the electrons in the valence states. As a

result, energy loss by protons to these electrons could be reduced if this

effect carries over to charged particle interactions. The increase in I/Z

for nickel and copper, in particular, has been reasonably well verified experi-

mentally.
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In the calculatioti of the energy loss in compounds and mixtures, the concept

of an effective ionization potential for that compound or mixture has not been

employed. This would have required that an "average" shell correction also be

applied, which is not the procedure which yields the most satisfactory results.

The energy loss in materials compored of both low and high aLomic number mater-

ials cannot be properly determined using such an "average" shell correction.

Although the approach used in this report depended on the additivity of the

energy loss rather than on the existence of an effective additive ionization

potential, it was felt that this quantity could be useful for high energy

approximate calculations over a limited energy range. It has been calculated

for both compounds and mixtures and printed at the bottom of the last data

page. The following equation was employed in the calculation:

Ef ex in iZ i in lI

Ieff = exp [ n iZi (ev) (16)

where

n, = the number of atoms per cubic centimeter of the ith element of the
compound

Z. = the atomic number of the ith element of the compound

I = the adjusted ionization potential of the ith element of the compound

As no molecular binding energy is associated with mixtures of elements, the

additivity of the energy loss for such mixtures should be strictly correct.

5. Discussion of the Energy Loss Below 1.0 Mev

Equation (3) has been used to calculate the energy loss by protons above

1.0 Mev, which is always above the limiting energy given by equation (4). This

is about 0.4 Mev for uranium and less for all other natural elements. Even at

energies near 1.0 Mev in heavy elements the Bethe equation yields results which

are in good agreement with the available experimental data if the equation is

modified with the necessary shell corrections.

At very low energies a point is eventually reached where the proton capture

cross section for atomic electrons becomes significant. The capture process is

more probable for very low energy protons, while the electron loss cross section

predominates at energies above 0.5 Mev. Hall (Ref. 43) has found that the ratio

of the captuze to loss cross sections remains relatively constant for most

materials. Thus, a low-energy proton traversing matter may have a rapid exchange

of electrons with the nearby atoms of the absorber. This has the net effect of

reducing the effective charge of the proton to a value which is less than unity.
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The relation between the effective charge, z eff and the ratio of the

capture-to-loss cross sections for protons near electron exchange equilibrium

can be shown to be

1
Zeff 1 + O/a L  (17)

Kanner (Ref. 44) has made accurate experimental measurements on the electron

capture-and-loss cross sections for protons passing through air, and finds that

the following equations are a good fit to his experimental data:

= (24.54 - 0.866 E/T )X1O-17 cm2  40<E<325 (18)

acapture = 41.4 exp(-0.562 E/T a )x10-17 cm2  31-E<122 (19)

where E is the proton kinetic energy in Key, and T is 24.8 Key.
0

The effective charge of a low energy proton can be readily determined from the

above relations and equation (17), the results.are illustrated in figure 3.

0
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Figure 3. The Effective Charge of a Low Energy Proton

Although a considerable extrapolation has been required to obtain values of

the effective charge above 0.3 Mev, the results indicate that protons above
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0.5 Mev have a net charge of unity.

The shell corrections which must be applied to the Bethe equation are

somewhat inaccurate In the heavier elements at these very low energies. When

the shell corrections and the above relationships concerning the effective

charge were applied to equation (3) below 1.0 Mev, the results were marginal

for the light elements, but were in disagreement with the bulk of the empirical

information which is available for the medium and heavy elements. These results

were particularly disappointing at energies near 0.1 Mev. The appropriate shell

correction functions were applied, but did not provide a sufficient improvement

in the accuracy at these very low energies. As a result, final shell corrections

were applied which yielded the most accurate and consistent results near and

above 1.0 Mev, and no calculations using the Bethe equation were carried out

below 1.0 Mev. The procedure described in the next paragraph allowed the low

energy ionization to be determined in a much more reliable and accurate manner

than did further extension of the Bethe equation.

The energy loss below 1.0 Mev has been found by smoothing, interpolating,

and in some cases excrapolating the available experimental information. A

sufficient amount of experimental data is available between 0.1 and 0.8 Mev to

make this approach practical. The energy loss from 0.8 to 1.0 Mev has been

determined by performing an interpolation in this region.

The excellent summaries and review articles which are available (Refs. 45

through 53) have been drawn upon as sources of some low-energy data and were

used in conjunction with the published reports of the original experimenters

(Refs. 54 through 64). Where several sets of experimental data were available

and the results of each were within the estimated error of the other, the data

were average4. In those cases where two or more experiments were available and

did not agree, a selection of the input data was made on the basis of consis-

tency by comparing the shape and numerical value of the data in question with

other sets of data for elements of similar atomic number. The scatter of the

selected sets of data has been reduced by least squares smoothing techniques.

The entire selection process usually favored the most recent experimental data.

After the final sets of experimental data were selected, curves were fitted

through the experimental points to obtain a smooth relationship between proton

kinetic energy below 0.8 Mev and the corresponding energy loss. These curves

were obtained by again using the method of least squares. These curves were

-hen used as input to the computer program to obtain the energy loss below
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0.8 Mev for elements having the following atomic numbers: 1, 2, 3, 4, 6, 7, 8,

9, 10, 13, 18, 20, 23, 24, 25, 26, 27, 30, 32, 34, 36, 47, 50, 51, 54, 73, 79,

and 82. In some cases, an "unusual" data point or some systematic error

appeared to exist in some of the original input data. Such data were disregarded

in favor of interpolation between the two nearest data points or elements for

which reliable data existed. There are certain dangers in an approach of this

type, nevertheless, the overall error at low energies is still much less than

could have been legitimately obtained by use of the Bethe equation.

For elements having atomic numbers greater than 82, an extrapolation was

performed by renormalizing the experimental energy loss data in lead at 1.0 Mev

to the theoretical value obtained from the Bethe equation at 1.0 Mev, and then

scaling the magnitude of this energy loss below 1.0 Mev in lead by using the

following relation:

1 dE
p dX E = 1.0

1dE 1 dE z i, calculated Z>82... dXE<I.0 (d0
p dX dX E<1.0 E E<.0

L b , exp p dX E = 1.0

L Pb, calculated

where Z. is the atomic number corresponding to the element in question. This
1

procedure was adopted since no complete proton energy loss measurements over

the energy range from 0.1 to 0.8 Mev were found in the literature for materials

between lead and uranium, although some data is available for bismuth down to

0.4 Mev. Since the energy loss at a fixed energy is a slowly varying function

of the atomic number in the heavy elements, this approach should provide real-

istic answers, although the absolute accuracy is difficult to determine.

6. Shell Corrections

Protons of moderate energy traversing heavy elements and of very low energy

in lighter elements have velocities comparable to the velocities of the inner

shell electrons. This velocity, and thus the binding energy of an atomic elec-

tron in a given shell, determines the participation of that electron in the

proton stopping process. It cannot be assumed that such an electron will be

ejected from an atom if the energy transferable by the incident proton is

greater than the binding energy of the electron. Conversely, this electron will

not always interact if the transferable energy is less than the binding energy.
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The probability that a bound electron will participate is not a simple step

function because of the statistical effects bearing upon all systems which

require a quantum mechanical description.

Although such calculations are difficult, correction terms which represent

the nonparticipation of the inner shells in the slowing down process have been

presented Ly several authors (Refs. 65 through 73). These modifications must

be applied to maintain the velocity independence of the atomic ionization

potential. At low energies, these compensation terms reach a maximum and then

decrease. A point is eventually reached where the corrections must actually

become negative to compensate for the low energy behavior of the logarithmic

term within the brackets of equation (3). This has been briefly discussed by

Walske (Ref. 67) and by Peele (Ref. 71). When this occurs, the shell correction

terms actually dominate the behavior of the stopping power relation, particularly

for elements of large atomic number.

Bichsel (Ref. 21) has used a semiempirical approach coupled with the method

given by Walske to determine the necessary shell correction terms. He has

assumed that the higher order shell corrections can be obtained by scaling the

L shell function both in energy dependence and magnitude. The expressions for

the nonparticipation of K and L shell electrons used for the calculations of

this report have been obtained through application of high-order least-square

curve fits to the data of Walske as presented by 3ichsel in reference 4. The

detailed results which were obtained are presented for several elements in

figures 4 and 5 to illustrate their magnitude and energy dependence.

The L shell correction is of dubious validity when applied directly to the

lighter elements. As a result, moderate extrapolation and modification of the

magnitude of the L shell correction has been performed to permit the use of an

L shell correction in the light elements. Even though the shell corrections

are not relativistic, they have nevertheless been applied to the heavy elements

where such effects might be significant.

Moderate extrapolations of the L shell functions presented In reference 4

has allowed a correction term for aluminum to be established. Since these

correction terms are not known exactly for all elements, a linear interpolation

has been used to determine the correction for other elements. Thi& also allows

a moderate extrapolation to be made to elements having atomic numbers less than

13. The following equation was used for both the interpolation and extrapola-

tions for all the shell corrections, where the L shell is used as an example:
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Figure 5. The L Shell Correction
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[bL(Z1 ) - CL(Z2)][Z' - Z1]
CLW )  1 Z + ( (21)
L Z1-Z2 Li1

When Z' is less than 13, Z1 and Z2 refer to atomic numbers 13 and 20,

respectively. If Z' is greater than 13, Z1 and Z2 refer to the atomic numbers

of the elements for which exact calculations are available, and whose atomic

numbers bracket Z'.

There are two methods which can be used to determine the M shell correction

term. A theoretical calculation of the M shell correction using a plane wave

'-rn approximation form factor for collisions of the incident protons has been

p-rformed (Ref. 68). The M shell correction (and higher order corrections) may

also be found by scaling the L shell correction both in magnitude and energy

dependence. The magnitude of the scaled M shell correction should be propor-

tional to the number of electrons in the M shell divided by the number of

electrons in the L shell. The velocity dependence would be proportional to the

ratio of the spectroscopic ionization potential of the M shell to that of the

L shell.

When the M shell correction obtained from the scaling method is compared

with the theoretical M shell correction calculated by Khandelwal and Merzbacher

(Ref. 68), a serious difference is found in the magnitude and velocity depend-

ence of the two corrections. The scaled correction results in energy-loss

values which are usually in excellent agreement with experiment, while the

theoretically calculated correcticn of Khandelwal and Merzbacher produces

results which are noticeably different than those obtained with the scaling

technique.

The scaled and theoretically calculated M shell corrections for Z 80

have been compared in figure 6. Errors of 10 or 15 percent mieht possibly

exist in the scaled correction, but such errors are not large enough to explain

the difference in the two curves. Khandelwal has indicated that the validity

of the theoretical results might have been compromised as a recult of using

hydrogenic wave functions for the M shell (Ref. 69). For such calculations,

methods using the Hartree-Fock or other similar atomic models for the M shell

electrons would probably be more accurate. Such calculations are under way

(Ref. 69) and would be expected to produce realistic correction terms for the

intermediate shells. In addition, calculations for each subshell would be

better than could be obtained by averaging over the entire shell. The scaled

M, N, and 0 shell corrections have actwtlly been obtained by calculating the

24



AFWL-TR-65-150
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10_ OBTAINED BY SCALING THE L SHELL CORRECTION

USING EQUATIONS 24,25,26,27.

8,,-CALCULATED BY KHANDELWAL AND

6 MERZBACHER USING HYDRDGENIC
WAVE FUNCTIONS (REF 68)
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Figure 6. A Comparison of the M Shell Corrections Obtained from the
Theoretical Calculations (Ref. 68) and by Scaling of the L Shell

correction for each subshell, and then summing the results to obtain the total

correction. The individuality of the subshells has been accounted for in this

manner.

Since the scalL_ M shell correction produces results which are in quite

good agreement with the bulk of the experimental data, it has been used instead

of the theoretically derived functions of reference 68.

The approach and corrections used in this report are essentially those

developed by Walske and evaluated by Bichsel. It should be noted that no

artificial scaling of the magnitude other than that obtained by using the ratio

of the electrons in each shell was required for the M shell. This may be a

result of the method used to initially interpolate the L shell correction

between elements of various atomic numbers. Such effects would be cumulative,

since the higher order shell corrections depend directly on the numerical value

and energy dependence of the L shell correction for a given element.

The higher order shell terms have been found by scaling the L shell correc-

tion of Walske both in magnitude and energy dependence in the following manner.
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A separate correction has been applied to each of the three subshells in the

M shell, to the four subshells in the N shell, and to each of the three filled

subshells of the 0 shell. The two doublet energy levels of each subshell have

been averaged to obtain a mean ionization potential for that subshell.

The quantities nK and n are the parameters of Walske which are used in the

computation of the K and L shell corrections:

T______________ 
(22)

K J(1- 02 )(Z - 0.3)21
= c 2* 

B2

L =  2 - 82 4.15) (23)

L iJLYl - 2)(Z-
The M shell correction is found by applying the following scaling relation-

ships:

C 1 = CkI + CM2 + CK3  (24)

cM2 1 Bl2) LL L (25)

(1- 4 L iF f (26)

Likewise, the N shell correction is given by

CN = CNl + CN2 + CN3 + CN4] [1.2 ] (28)

(l~l - ) 11 '
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C2 (1 2 ) L (30)
N2 4 ( L I2 L Si N 2J

CN3 [ 8l[ ( t](31)

C 7  (1l- 2) 1 C l) (32)
N4 (1 L SI

In each case, the quantity within the square brackets multiplies the L shell

correction, which is found byassuming that the effective velocity of the

incident proton is not given by B, but by the function of 8 which appears in

parentheses immediately following CL. IL is the mean ionization potential

of the L shell; IMi is the mean ionization potential of the i'th subshell of

the M shell; and INi is the mean ionization potential of the i'th subshell of

the N shell. Y3 represents the number of electrons which are in the third

subshell of the M shell for any given element. Likewise, Y6 and Y7 are the

number of electrons in the d and f subshells of the N shell, respectively.

The 0 shell correction has been obtained in an identical manner.

Values of the required ionization potentials for each shell and subshell

are available in the literature (Refs. 74 through 77). Those of reference 74

have been used throughout. Interpolation has been performed for those elements

whose subshell ionization potentials are not known.

The factor F is a scaLing factor which varies slowly with atomic number.

It is

F = 0.00189Z + 1.8452 (33)

The factor S is a similar scaling parameter for the N shell and is given

by

S = 0.15625Z + 1.2654 (34)
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The scaling factor for the 0 shell has been set equal to 2.0 for all

elements. It should be noted that the justification for this scaling factor

is entirely pragmatic and has been applied for the purpose of improving the

accuracy of the final tabulations. Multiplication of the subshell corrections

for the N shell by the factor of 1.2 was necessary because the positive maximum

of the scaled N shell correction is not sufficiently peaked at low energies.

The correction term is too small in this region unless the factor of 1.2 is

applied.

The experimental data, particularly for the higher atomic number elements,

could have been fit much more closely by carefully choosing scaling factors

for each individual element; however, the entire method of calculating the

corrections for the M, N, and 0 shells then loses a degree of internal consist-

ency. It would then be difficult to maintain confidence in the calculations

which have been performed for materials having no experimental data available

upon which to estaislish these scaling factors.

No M shell correction has been applied to elements with an atomic number

less than 20, and no N shell correction has been used for elements having atomic

numbers less than 37. An 0 shell correction has been applied to all elements

with an atomic number greater than 57.

Although the scaling procedure described previously works quite well, a

small but ccnsistent deviation is apparent. There is a sufficient amount of

experimental euergy loss data available for copper to allow a detailed compari-

son of the scaled M shell correction with that which could be obtained by

using the Bethe equation with only K and L shell corrections and working in

reverse order from the experimental data to determine the M shell correction.

When this is done, the following conclusions may be reached concerning the

scaled shell corrections.

Although the velocity dependence seems to be satisfactory, it appears that

the shape of the scaled correction is not quite correct. It is not properly

peaked at the maximum and does not decrease with a sufficiently steep slope

on the low-energy side of this me imum. The same effect, but more pronounced,

appears to hold crue for the scaled N shell, and presumably for the next higher

order correction although there is insufficient experimental data available

to establish this for the 0 shell term. This discrepancy is particularly

noticeable for the energy loss in lead near 1.0 Mev. At this point the 0 shell

correction is positive and is beginning to be significant, while the N shell
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correction is decreasing rapidly. This rate of decrease is not sufficiently

steep to obtain good agreement with the experimental data.

Although they are undoubtedly present, such effects are not overly important

for elements having atomic numbers below lead where the rapidly decreasing

portion of the N shell correction is not as significant. It was felt that a

compromise in the uniform application of the 0 shell correction might be made

in lead to improve the tabulated energy loss at low energies. This can be done

by reducing the magnitude of the 0 shell correction in elements having atomic

numbers greater than 81. This offsets the discrepancy caused by the faulty

shape of the N shell correction near 1.0 Mev. This has been done for lead,

bismuth, and uranium under the assumption that for these elements the 0 shell

correction is approximate but nevertheless necessary.

All of the correction terms for gold have been presented in figure 7 to

illustrate predominance of the higher order shell corrections at low energies.
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Figure 7. The K, L, M, N, and 0 Shell Corrections for Gold
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7. The Assumption of Additivity

Inasmuch as chemical binding energies in compounds are usually very much

smaller than the adjusted atomic ionization potentials, it has generally been

assumed in previous calculations that the stopping power of a compound is the

sum of the stopping powers of its individual constituents acting independently.

Experimental studies by Thompson (Ref. 25) have shown that the stopping power

of a compound can be approximated to within 2 percent under this additivity

rule for 200- to 340- 1Mev protons in compounds containing hydrogen. This

deviation decreased rapidly with compounds of increasing atomic number, becoming

approximately 1 percent for the compounds which contained light elements other

than hydrogen, and became negligible for atomic namber: greater than 17.

Reynolds et al. have used low-energy protons in gases to determine the

validity of the additivity rule (Ref. 56). The materials tested were additive

above 0.2 Mev with the exception of nitrous oxide, which had a stopping power

about 4 percent higher than would have been expected assuming additivity.

Fcr compounds containing significant amounts of low atomic number materials,

especially compounds containing hydrogen, the small chemical binding effects of

the additivity rule should be considered. For this reason, more than one ioni-

zation potential has occasionally been used for the same element, depending on

whether the element is being discussed with reference to its atomic or its

molecular state. This is admittedly an approximation procedure in that the

ionization potential of any element in a compound also depends on the specific

type and number of molecular bonds, but the results obtained by means of this

procedure appear accurate enough to justify its use.

In general, the cuter electrons are more tightly bound in compounds than

they are in elements because of the molecular bonds. This has the effect of

slightly raising the total adjusted ionization potential of each atom which is

bound in the molecule. For mixtures of elements, no such binding occurs, and

the additive rule should be strictly correct.

The comparisons which have been made in the appendix indicate that several

comments concerning the additive rule be made. Water is a rather stlingent test

of the additive rule, since the waLer molecule is quite strongly bound. The

adjusted ionization potentials which have been used for hydrogen and oxygen in

their molecular forms are slightly higher than the ones used for the atomic

state. This approach works very well for water, and for most of the other
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compounds as well. However, the calculations for nuclear emulsion at high

energies are 2 or 3 percent different from the high energy experimental emulsion

data. The energy loss and pathlength for nuclear emulsion are known with

accuracies on the order of 1 percent. It is apparent that the low energy results

are very good, but that the high energy pathlengths are outside of the experi-

mental error by 1 or 2 percent. This is puzzling in view of the excellent

agreement in the other cases.

8. Minimum Ionization Point

The minimum value of the energy loss per unit pathlength occurs at proton

energies near 2 Bev and is caused by relativistic effects, which are included

in calculations using equations (1), (2), and (3). The minimum ionization has

been illustrated for aluminum in figure 8. The shell corrections are very

small in this energy region and change quite slowly so that they can be treated

as constant over a limited energy range. Near the point of minimum ionization,

the polarization effect is negligible for gases and is usually small for

condensed media. Thus, these two effects have not been considered in obtaining

the kinetic energy at which minimum ionization occurs, although they have been

applied in determining the minimum ionization itself.

100 i I L

zuJ

z

Z10

THE MINIMUM IONIZATION
ENERGY IN ALUMINUM

0 -
o -

THE MINIMUM ENERGY LOSS IN ALUMINUM
IS L625 MEV/GM/CM2

1.0 - 111 I I I I I III I I i ii ,1

10 100 1000 10,000

PROTON ENERGY (MEV)

Figure 8. The Minimum Ionization Loss for Protons in Aluminum
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In order to determine the point of minimum ionization, equation (3) has

been differentiated with respect to the proton velocity, equated to zero and

solved for that value of the proton velocity which minimizes the original Bethe

equation. The shell corrections and polarization effect have not been considered

in the differentiation.

The derivative of the Bethe equation with respect to particle velocity

gives

d [d AE] 8nmz2e4NZ 2mc 2s2

d p dXmc-- --- ln 2m_ n_2
adj 1 ++

1-02 2 + m + ( 2(35)

The above function was then equated to zero and solved for the velocity

which minimized equation (3). The expression within the braces is the equation

which must be actually solved. This equation cannot be solved using analytic

methods when 0 is close to unity. It has been solved numerically on the

computer using a Newton-Raphson iteration technique. The solution is presented

on the bottom of the page of tabulations for each material.

The only factor within the braces which is characteristic of the absorbing

material is the mean ionization potential. Since this equation is to be solved

at an energy which is always near 2 Bev, the effective ionization potential

(equation (16)) has been used to obtain the solution for both compounds and

mixturc.s. This could not have been done were the minimum ionization point to

occur in a region where both the shell corrections and the polarization effect

could not be neglected in the differentiation. Since the solution varies very

slowly with the atomic number of the material, the actual results should be

quite accurate even with the aforementioned assumptions.
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SECTION III

PATHLENGTH AND RANGE CALCULATIONS

1. Integration of the Energy Loss to Determine ti.e Pathlength and Range

Determination of the mean pathlength is straightforward and can be made

through the following numerical integration:

P(E )=P(O.1 Mev) +(E dE (36)
o f 1dE

0.1 p dX

where P(E ) is the total mean pathlength for protons of initial kinetic energy

"Eo," and P(0.1 1Mev) is the pathlength at 0.1 Mev. The integration has been

normalized at 0.1 Mev because values of the dE/dX at very low energies are not

known. The pathlength has been normalized to the data which are available at

0.1 Mev; the specific values which have been used were taken from the review

article by Whaling (Ref. 53). In those cases where no experimental or other

reliable data were available, an approximate first-order curve was fitted to

the available data. This curve is

P(O.1 Mev) = 0.06593 + 0.01586Z (gm/cm2) (37)

Since the energy loss below 1.0 Mev is actually given by smoothed and

interpolated experimental data, any discrepancies in the low energy pathlengths

result from the value of the pathlength selected at 0.1 Mev if one assumes that

the experimental energy loss is free from significant error. This assunption

is usually justified, but the smoothing process which has been used cannot

eliminate systematic errors, which may be present in some of the data. The

pathlengths at high energies only have a small dependence on the value selected

at 0.1 Mev. For example, if the pathlength in nitrogen at 0.1 Mev is set equal

to zero, the pathlength at 1.0 Mev is decreased by 4.8 percent, at 10.0 Mev

by only 0.095 percent, and at 100 Mev by the negligible percentage of 0.0015.

In calculating the pathlength at 0.1 Mev for compounds, the following

equation was used:

(38)
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where wi is the percent by weight of tL. i'th element in the compound which

contains n elements, and Pi is the mean pathlength of 0.1 Mev protons in theii
j ith element.

The range of a proton in an absorbing medium will be somewhat smaller than

the Dathlength as measured from the original angle of incidence into the mater-

ial, because the proton will undergo multiple coulomb scattering. The range can

be calculated by means of the following relation:

0<Cos >

R(E) = R(0.1 Mev) + i - dE (39)

0.1 p dX

where <cosS> is the mean value of the cosine of the projection of the total

scattering angle onto a plane which contains the original trajectory. Calcula-

tions of this quantity have been performed using equation (42), which is

straightforward but extremely tedious and is discussed in a later section. The

procedures outlined by equation (39) are also very time-consuming on the computer

because a double integration must be performed using very fine increments of

integration.

Although the proton straggling can be represented approximately by a

gaussian distribution, the multiple scattering has an asymmetry which results

from the contribution of the infrequent large angle scatterings. As a result,

the average range is slightly different from the probable range, although such

differences for protons are usually small in cases involving large energy

losses.

No attempt has been made here to evaluate the most probable energy loss

and pathlength even though the differences may be significant for protons

passing through thin absorbers. Such calculations can be performed using the

energy loss relationship given by Landau (Ref. 78). All of the calculations

which have been tabulated here are average values, and are strictly applicable

only when the protons have traversed a sufficient amount of material to make

average values meaningful. This is the case for thick target shielding situa-

tions where protons lose most or all of their kinetic energy in the absorber.

2. Pathlength Straggling

Protons lose kinetic energy to an absorbing medium in small discrete amounts

as they undergo a multitude of collisions with atomic electrons. Since this is

mainly a statistical process, an initially monoenergetic beam of protons will
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have a definite energy spread after passing through a finite thickness of

absorber. A statistical distribution will therefore exist in the energy lost

by protons which have traveled identical paths in the stopping material. There

will also be a small but definite straggling about the mean pathlength (Refs. 79

through 81). The root mean square straggling (the standard deviation of the

distribution) has been found using the expression given by Sternheimer (Ref. 79).

4 ez2N Z E 
1+ In 2mc221

02 e o (1-62/2) 3mc2 2  Ei dE
A E (1-2) [ 2m + ndE2 (40)

E ~~M l -,2 + 1] P Y

The value of Z.f.E. depends upon the ionization potential of each atomic
i11

shell and the number of electrons in those shells which participate in the

stopping process for low energy protons. This dependence becomes less signifi-

cant at higher energies. The value of Ei f iE. In I can be represented in
ii~ E.

equation (40) with sufficient accuracy by summing over the classical oscillator

strength and shell binding energy of every electron in each atomic shell which

is capable of participating in the energy loss process. This has been done in

detail for each material at all. energies.

A classical technique has been used to determine the possibility of incident

protons ejecting electrons from atomic shells. If the maximum energy transfer

given by equation (2) is greater than the binding energy of electrons in an

atomic shell, then those electrons are assumed to be capable of participation

in the energy loss process. If the maximum energy transferable is less than

the binding energy of the shell, those electrons may not participate. These

two assumptions have been applied only to equation (40), where this classical

technique is more than satisfactory.

The summation indicated in the numerator of equation (40) does not produce

a perfectly smcoth function, but is slightly irregular because of the abrupt

cutoff which occurs -oar the binding energy of each atomic shell. This termina-

tion point for a given shell corresponds to the region where the quantum

mechanically derived shell correction for that shell reaches a maximum. In this

case, the classical approach provides results for use in equation (40) which

are quite adequate.

In the calculation of a for compounds, it has been assumed that the pathlength

straggling is due exclusively to the effects of each atom acting independently
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of the molecular structure. Values of a have been tabulated inder the heading

"Pathlength Straggling." Although equation (40) gives the straggling about the

mean pathlength, the width of the distribution should not be much broader about

the mean range since the straggling is essentially a function of the number of

electrons encountered while the multiple scattering is mainly the result of

deflections by atomic nuclei.

The percent pathlength straggling has also been calculated and has been

defined by Percent pathlength straggling - 100 (41)

where P(E ) is the value of the pathiength for a proton of kinetic energy E

3. Multiple Coulomb Scattering

The probability is quite small that a proton will u.idergo a complete reversal

of direction in losing energy in other than inelastic nuclear interactions.

Angular deflections resulting from the multiple scattering of protons usually

deviate the incident protons only slightly from the original direction. For

this reason, the relationship between proton pathlength and range can be reason-

ably well defined.

In coulomb scattering processes involving only a negligible energy loss,

multiple scattering depends strongly on the product v the proton momentum and

velocity. To a first approximation, the multiple scattering of protons can be

represented by a gaussian distribution with a nonsymmetrical tail to account for

the infrequent occurrence of large angle scattering.

It is generally more useful to consider the projection of the total scattering

angle onto a plane which is defined by the original trajectory and angle of

incidence, rather than the total scattering angle itself. Furthermore, the

average value of the projected angle usually has only a m ..or dependence on the

occurrence of large angle scattering.

Although the multiple scattering calculations have been performed for an

unbounded medium, they can be applied to any case where the loss of protons out

of the sides of an absorber is negligible compared to the number transmitted in

the forward direction. Many of the pertinent publications concerning the multiple

scattering of protons are given by references 82 through 112.

Lewis (Ref. 88) has shown that the average value of the cosine of the mean

scattering angle can be written. as
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ECo 6[ rx Kt (42)
1E 1 ex1 dEi

L)E -P dU

This expression must be substituted into equation (39) and integrated over the

entire pathlength of the particle which entered the absorber with an initial

kinetic energy E., and has now been degraded to energy E.

The K1 term in the exponent can be represented by

K = 2nN o a (6,E) sine (1-cosO) dO (43)

In terms of simplicity, the screened Rutherford and McKinley-Feshbach cross

sections are straightforward to use. Both have the advantage that they can be

analytically integrated over the scattering angle to give the total scattering

cross section. Although the Rutherford cross section is quantum mechanically

correct, except for proton-proton scattering where the particles are identical,

it is not truly relativistic. It has been extended for use at high velocities

by insertion of the correct relativistic terms for the momentum, energy, and

velocit in place of the classical relationships. Although these approximations

improve the high-energy validity, they must be considered as only first-order

corrections.

The McKinley-Feshbach cross section is strictly valid only for very low

atomic number elements and for very high velocity particles; however, it

approaches the Rutherford cross section in the classical limit. For this

reason it has been employed for hydrogen and helium over the entire energy range,

although minor discrepancies are apparent at energies on the order of 1 Mev or

less.

The screened Rutherford cross section is (Ref. 97)

z2Z2  2 e4N (1-2)
2rNo(E,e) A M2 c404 (l+2n-coso)2

r

The McKinley-Feshbach cross section is (Ref 103)

21TN(E,O) AZ .i~L4 ) [ + +Z erc ( -)(l+2n-coso)2  /2(i-cose) 3/2

Z72 (45)

2 (l-cos6)J
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where e~2

a zz (46)

And where Mr is the reduced mass of the proton in the scattering system and~r
has been represented in the computations by

M i (47)
r (1+M/A)

where M is the proton mass and A is the atomic weight of the scattering atom.

If the reduced mass is simply set equal to the proton mass, a significant

difference results for elements having very low atomic numbers, although this

difference diminishes rapidly with increasing atomic weight. This is presented

in table V.

Table V

DIFFERENCES IN THE PERCENT MULTIPLE SCATTERING RESULTING
FROM USE OF THE PROTON MASS COMPARED TO THE REDUCED PROTON MASS

10 Mev 100 Mev 1000 Mev
Reduced Proton Reduced Proton Reduced Proton

Atomic proton mass proton mass proton mass
Element number mass only mass only mass only

Hydrogen 1 0.085 0.021 0.072 0.017 0.062 0.015

Beryllium 4 0.115 0.092 0.095 0.077 0.083 0.067

Aluminum 13 0.350 0.328 0.277 0.258 0.248 0.231

Copper 29 0.803 0.780 0.603 0.589 0.543 0.529

Gold 79 2.37 2.33 1.66 1.64 1.48 1.44

The quantity n is a screening factor which is independent of the scattering

angle, and has been given by Moliare as (Ref. 106)

1 2 [1.13 + 3.76 c2/21 (48)

Nigam et al. (Refs. 104, 105) have performed a detailed evaluation of the

screening parameter in the second Born approximation and have obtained a more

consistent expression for the screening factor

n X 2 { 2 In X + 0231 + 1.4480 (9)

This expression has been used in the calculations instead of the relationship

The quantity X0 in the above expressions is defined by

where p step[inf l3 e (50)

where p is the relativistic momentum of the proton. The quantiry v is indirectly
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related to that of 1.13 in the theory of Moliare and has been calculated by

Mott (Ref. 107) to be 1.12. His value has been used throughout. The quantity

V should be set equal to unity for calculations using the Moliare theory. The

coefficient 1.13 in equation (48) results from Moli~re's use of three exponen-

tials to represent the Thomas-Fermi potential. Nigam et al. have obtained 1.00

for this because they used one exponential to represent the screened acomic

potential. Calculations have been performed using both screening factors, and

the differences are summarized in table VI.

Table VI

COMPARISON OF THE PERCENTAGE MULTIPLE SCATTERING OBTAINED
THROUGH USE OF THE NIGAM AND MOLIERE SCREENING FACTOR

USING THE REDUCED PROTON MASS

Atomic 10 Mev 100 Mev 1000 Nev

Element number Nigam Moliare Nigam Moliare Nigam Moliare

Hydrogen 1 0.085 0.093 0.072 0.075 0.062 0.063

Beryllium 4 0.115 0.141 0.095 0.105 0.083 0.086

Aluminum 13 0.350 0.469 0.277 0.332 0.248 0.263

Copper 29 0.803 1.14 0.603 0.765 0.543 0.596

Silver 47 1.33 1.95 0.969 1.27 0.874 0.978

Gold 79 2.37 3.63 1.66 2.23 1.48 1.68

Uranium 92 2.72 4.21 1.95 2.63 1.73 1.98

There is a noticeable difference between the results obtained from the

two multiple scattering theories. The difference is most pronounced at low

energies in high atomic number materials. There are some experimental proton

data for low energy protons in silver and gold whichame of very high accuracy

(Ref. 36). The experimental error of this data is less than 0.2 percent. When

the Nigam theory is used, the results are within this experimental error. The

Moliare results are outside the possible error by approximately 1 percent.

Substitution of the Rutherford and McKinley-Feshbach cross sections into

equation (43) and integrating over the scattering angle yields the following

expressions for K1 , respectively:
r2ef [ T+2) 1 Z>3 (51)

1 = M2c4  A T(T+2) + +r

K1 Mc 4  A 1 ++.339
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where T is the kinetic energy of the incident proton in units of the proton rest

mass m Es 
(53)

Nc2

The procedure described above has been used to obtain the proton range which

has been printed in the data tables under die heading "Proton Range." The

percentage multiple scatteriag has also been tabulated since it is a useful way

of expressing the results of the multiple scattering calculations.

Percent multiple scattering = 100 o - R(E ) (54)pp (Eo  )0

where P(E ) and R(E ) are the pathlength dnd range, respectively, of protons

having an initial energy E0.

4. The Number Distance Expression, Bragg Ionization CGrve, and Extrapolated
Pathlength

Most experimental measurements do not evaluate the mean pathlength or range

directly. Variations of three techniques are commonly employed tc obtain

experimental proton range data. The first two result in range measurements,

while the thid actually gives the pathlength. In the first approach, a

Faraday cup or similar device is used to determine the total number of protons

which have passed through an absorber. The second employs a thin-walled

ionization chamber to record the "Bragg ionization" of protons which have lost

a large amount of kinetic energy in a given thickness of degrader. Nuclear

emulsions have been used extensively and yield direct measurements of the

pathlength and straggling because the particle tracks are visible. The results

of these methods can then be used to determine the mea. and extrapolated range

and pathlength.

It is of interest to know the relationships between the number-di tance

curve, the Bragg curve, and the extrapolated pathlength. Approximate values

for these quantities may be obtained in a straightforward manner under the

following assumptions: (1) that the straggling distribution is exactly gaussian,

(2) is not influenced by multiple scattering, and (3) the probability of

inelastic nuclear interactions is negligible. These assumptions lead to the

differential distribution of the number of protons which are distributed about

the mean pathlength, given by (Ref. 86)

J2L -P(E )
F(X)dX e 2a2 dX (55)
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The distribution about the mean range can be found by replacing the pathlength

by the range in the above expression.

The probability P(n.>X) of finding n particles which have traveled a distance

equal to or greater than X can be obtained from equation (55) by integration.

The result is usually referred to as the fractional transmission or number

distance expression.

P (n>X) = J F(X)dX (56)

The results obtained from equations (55) and (56) are compared with the

experimental transmission data of Bloembergen and van Heerden (Ref. 37) in

figures 9 and 10.

72.6 Mev PROTONS IN COPPER

EAN EXPERIMENTAL RANGE:6.77 gm/cm)

MEAN.THEORETICAL RANGE: 6723 gm/cm 2

EXPERIMENTAL EXTRAPOLATED RANGE:6.90 gm/cm
1.0 c THEORETICAL EXTRAPOLATED RANGE:6.837 gm/cm2

o EXPERIMENTAL DATA (REF 37)

-GAUSSIAN APPROXIMATION (EQTN 56)cc_
CC THE ERROR BARS REPPESENT 1% IN THE RANGE

S-ii

0 I

0L I t I I I ;-!° 1oI,.0I

6.0 6.5 7.0 7.5 8.0
RANGE (gm/cmf )

Figure 9. The Number Distance Curve for 72.6 Mev Protons in Copper
Under the Gaussian Approximation

These relationships can also be used to obtain approximate values of the

Bragg ionization curve. If proton straggling and scatteriig were truly neglig-

ible, the ionization as a function of pathlength for an initially monoenergetic

beam of protons would be given simply by the differential energy loss at a

given distance. However, there is a definite straggling of protons about the

mean pathlength which causes a broadening of the width of the ionization curve.

The shape of the Bragg curve can be obtained by folding the number distance
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expression from equation (56) with the energy loss and pathlength relationships

given by equations (3) and (36).

I i I I I i I I i , , i i I' I '

110 Mev PROTONS IN COPPER

MEAN EXPERIMENTAL RANGE:13.78 gm/cm2

MEAN THEORETICAL RANGE: 13.870 gm/cm-

____________EXPERIMENTAL EXTRAPOLATED RANGE: 14.03 gin/cm2

THEORETICAL EXTRAPOLATED RANGE:t4.Q93 gm/cm2

11.0 o EXPERIMENTAL DATA (REF 37)

-- GAUSSIAN APPROXIMATON EOTH 56)
I-
J THE ERROR BARS REPRESENT 1% IN THE RANGE
S2

*C1

-__________.______________ I I I I

13.0 13.5 14.0 2 14.5 15.0
RANGE (gm/cm)

Figure 10. The Number Distance Curve for 110 Mev Protons in Copper
Under the Gaussian Approximation

Further, the extrapolated pathlength can be obtained using the gaussian

approximation if the mean pathlength is known.

P(Eo)extr. =P(Eo)men + a (E) (57)

where P(E is the extrapolated pathlength, P(R ) is the mean pathlength
o extr, o mean

for protons of kinetic energy E , and a(E.) is the pathlength straggling given

by equation (40). The extrapolated range can be obtained by replacing pathlength

by range in equation (57).

If it is assumed that both the pathlength fluctuation and the multiple

scattering can be represented by purely gaussian distributions, the total

fluctuation in the proton range can be determined from the information available

in the tables. The summation of several gaussian distributions in this manner

will also yield a gaussian distribution.
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It must be emphasized that the gauszian approximation is Scurate only to

first order, but the symmetry of such a normal distribution greatly simplifies

the theory. Should more accurate distributions be required, the reader is

referred to the comprehensive tabulations of Seltzer and Berger (Refs. 108, 109).
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SECTION IV

PROBABILITY OF INELASTIC NUCLEAR INTERACTIONS

In the determination of the proton pathlength and range, no consideration

has been given to the possibility that an incident proton might undergo an

inelastic nuclear interaction. The range and pathlength calculations do not

apply to such protons. Thus, some information about the probability that such

an interaction would occur over the entire pathlength of the particle would be

of value. This has been calculated assuming an exponential interaction proba-

bility and has been presented in the tabulations under the heading "Probability

of Inelastic Nuclear Interaction." The following relationship has been employed:

P(N) = 1 - exp NO  £iriA--dX -i J (58)

where

P(N) is the probability of an inelastic nuclear interaction

N is Avogadro's number
0

P(E ) is the total pathlength of the proton

r. is the number of atoms per molecule of the i'th element ir the compound

a. is the total inelastic cross section of the i'th element in barns

A. is the atomic weight of the i'th element

The integral over the pathlength is required because the energy of the

proton changes as it passes through the absorber. The inelastic cross section

is dependent upon proton energy, thus the increment of pathlength and the

cross section must both be included in the integral. The summations are

required to determine the inelastic cross section for compounds and mixtures.

The above equation is most easily evaluated by making a change of variable

from the pathlength to the energy loss at a given kinetic energy; this gives

the following equation:

' E° dE Z irio.

P(N) 1 - exp 1N dE Zr1a (59)
{ 0.i odX l
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where E is the initial kinetic energy of the proton when it entered the0

material. The integral has been carried down to 0.1 blev, even thoug' the

cross sections become negligibly small at energies somewhat above this.

The inelastic cross secticns below 25 ilev have been obtained from the

information published by Shapiro (Ref. 113), and by Pollock and Schrank (Ref.

114). The required cross sections between 25 and 400 Mev were obtained from

the work of Bertini (Refs. 115, 116). Above 400 M1ev, the transparency values

listed by Metropolis et al. have been used (Refs. 117, 118). In those cases

where data were not available, interpolations have been made between the

nearest elements where such data were available. It should be noted that the

inelastic cross section for protons incident upon hydrogen is zero until an

energy of several hundred Mev is reached. The inelastic cross section for

hydrogen was taken from figure 4a-of reference 119.

For low energies the probability of formation of a compound nucleus

predominates, and it has been assumed that this is the significant inelastic

proton-nucleus interaction which takes place below 16 Mev. The inelastic

scattering cross sections for aluminum, silver, and lead which have been used

are representative and have been presented in figure 11.

CnR,

r Cc COPPER .

- 1

u)

PROTON ENERGY (MEV)

Figure 11. The Inelastic Scattering Cross Sections for Aluminum, Silver,
and Lead Which Have Been Used to Determine the Probability of

an inelastic Nuclear Interaction
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The probability that a high-energy proton will undergo an inelastic nuclear

collision is quite large. For this reason the high-energy calculations have

not been extended beyond the minimum ionization point. Such high-energy calcu-

lations would be of little use, since range and pathlength values above 2 Bev

are somewhat meaningless because of the predominance of nuclear interactions.

4
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SECTION V

COMPARISON WITH SELECTED EXPERIMENTAL DATA

The tabulated values o the range and energy loss have been compared with

the published experimental data for pertinent references listed in section VI.

Comparisons for three representative elements (aluminum, copper, and gold) have

been presented in tables VII, VIII, and IX and in figures 12, 13, and 14. These

elenents were selected because the data of several experimenters were available.

Since the various experimental results are somewhat inconsistent, the use of

several sets of data provides more insight into the accuracy of the calculations

than does comparison with only one set of data. Excellent agreement between

calculation and experiment %ias been obtained for most of the materials where

the bulk of the data was internally consistent.

The measuring techniques used in each experflent also effect the error and

final results, and consequently a certain amount of the inconsistency appearing

in the experimental data is probably a result (: experimental technique.

The reader is strongly urged to review the detailed experimental and

theoretical 'omparisons which have been presented in the appendix. The experi-

mental energy loss and range have been compared in considerable detail with the

tabulations presented in this and other similar reports (Refs. 1 through 9).

The percent difference from the experimental data of each report have been

presented along with the experimental error, mean error, and relative standard

deviations of the calculations for each set of experimental data. The experi-

mental data of a given experimenter have been presented in the order of

increasing atomic number.

The energy loss and range values tabulated in this report are usually

within 1 percent of the experimental data or the error estimates of the

experimenter, whichever is .arger.
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Table VII

A CO'IPARISON OF EXPERIMENTAL ENERGY LOSS IN Mev/gm/cm2 WITH
THE TABULATIONS OF THIS REPORT FOR ALUMINUM

Summary of

Proton This Nielsen Kahn Warshaw 'ilcox Bichsel
energy report Ref. 130 Ref. 54 Ref. 20 Ref. 57 Ref. 4

0.10 418.06 416.0 458 420,0
0.15 371.51 366.0 405 380.0
0.20 344.46 333.5 366 343,0
0.25 323.66 31.4.5 340 327.0
0.30 305.58 297.0 295.0 311 310.0
0.35 289.78 283.0 293.0
0.40 276.04 271.0 275.0 279.0
0.45 263.68 260.0 265.0
0.50 251.99 250,0 252.0
0.55 240.68 241.0 241.0
0.60 229.99 233.0 230.0
0.65 220.98 223.5
0.70 212.01 217.0 212.0
0.75 204.50 210.0
0.80 196.99 202.5 1.97.0
0.85 191.25 196.0
0.90 185.51 189.5 185.0
0.95 179.77 183.0
1.0 174.02 172.4 177.0 173.0
1.1 163.92 166.5 163.0
1.2 155.48 157.5 155.0
1.3 147.81 150.5 147.0
1.4 140.88 140.0
1.5 134.63 133.3 134.3
1.6 128.96 129.0
1.8 119.11 119.0
2.0 110.82 109.9 110.7
2,5 94.806 94.2 94.7
3.0 83.278 82.8 83.2
3.5 74.522 74.2 74.5
4.0 67.606 67.4 67.6
4.5 61.992 62.0 62.0
5.0 57.335 57.4 57.3
5.5 53.402 13.4
6.0 50.135 51.0
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Table VIII

A COMPARISON OF EXPERTMENTAL ENERGY LOSS IN Mev/gm/,.MA WITH
THE TABULATIONS OF THIS REPORT FOR COPPER

Bader Green Bichsel, Summary of
Praton This et al. et al. Nielsen Rept. #3 Bichsel Warshaw Kahn
energy report Ref. 42 Ref. 41 Ref. 130 Ref. 21 Ref. 4 Ref. 20 Fef. 54

0.1 225.66 227.5 228 223.5
0.15 227.21 227.5 228 228.0
0.2 221.45 217.0 221 222.0
0.25 211.34 205.7 211 212.0
0.3 200.95 199.0 201 201.0 200.0
0.35 191.12 191.5 192 189.5
0.4 182.31 181.8 179 188.0 183 183.0 180.5
0.45 174.49 178.2 172 175 172.5
0.5 167.45 171.6 165 166.0 168 166.0
0.55 160.94 165.8 158 161 160.0
0.( 154.86 160.1 152 157.0 155 154.0
0.65 149.45 147 148.5
0.7 144.04 142 144 144.0
0.75 139.65 137 140.0
0.8 135.27 133 135.0 135 136.0
0.85 131,85 128 132.0
0.9 128.44 125 128 128.7
0.95 125.02 122 126.0
1.0 121.60 119 121.0 121 122.0
1.1 115.15 114 117.0
1.2 109.47 111.0 109 112.5
1.3 104.40 104 109.0
1.4 99.834 104.0 99
1.5 95.778 95.0 95
1.6 92.062 94.5 92
1.8 85.765 88.5 85
2.0 80.408 80.0 83.5 80
2.5 69.921 69.5 74.0 70
3.0 62.325 62.2 62
3.5 56.384 56.5 56
4.0 51.618 51.7 51
4.5 47.688 47.5 47
5.0 44.381 44
5.5 41.553 41
6.0 39.105 39
12.0 23.738 23.87
20.0 16.236 16.22
29.0 12.254 12.15
267.0 2.5731 2.61
300.0 2.4138 2.422
615.0 1.7616 1.772
651.0 1.7202 1.74

50

I



AFWL-TR-65-150

00

____ ___ _ _ ____ ___ ___ ____ _ _ ___ ____ ___ ___ _to

I II I'I I 'I * III 'I'~ I '~~~~1~P

____ __ _____ C

Ki __ _ __ _ __ _

_ _ _ _ _ __ ____ ____ ___ ____ ____ oa

__I____ cc

0
U.U

_ _. .a I_ _

-___ ____ ____ __ 0
UiU

USa

_____ ____ _____ ____ _ C-

2,'
b -e Ci

I~~i~fIS,,= = I i L-f

(W/MJIA4) HUMdO NI H10431 I4Wd JMI1 SU SSOI ASHM3N010I8ld

51



AFWL-TR-65-150

Table IX

A COMPARISON OF EXPERIMENTAL ENERGY LOSS IN Mev/gm/cm2 WITH
THE TABULATIONS OF THIS REPORT FOR GOLD

Bader Green Bichsel, Summary ot
Proton This et al.* Nielsen Kahn et a). Rept. #3 Bichsel Wilcox
energy report Ref. 42 Ref. 130 Ref. 54 Ref. 41 Ref. 21 Ref. 4 Ref. 57

0.10 104.91 105.5 87.0 105.0 84
0.15 116.33 115.8 90.0 116.0 87
0.20 118.68 118.9 88.5 119.0 85
0.25 115.79 115.8 84.5 116.0 81
0.30 110.35 110.7 80.5 110.0 77
0.35 104.08 103.9 77.2 104.0 73
0.40 98.012 97.22 74.5 96 98.0 98.0 66
0.45 92.637 91.71 72.0 92 93.0
0.50 88.077 86.82 69.5 88 88.0 88.0
0.55 84.229 83.46 67.5 84 84.0
0.60 80.891 80.40 66.0 80 81.0 81.0
0.6 77.942 64.5 78
0.70 74.994 63.5 75 75.0 75.0
0.75 72.498 62.0 73
0.80 70.003 60.2 71 71.0 70.0
0.85 68.403 59.0 69
0.90 66.803 58.5 67 66.0
0.95 65.202 58.0 65
1.0 63.601 57.0 64 65.0 63.0
1.1 61.270 55.2 59.6
1.2 59.084 54.0 60.0 57.0
1.3 57.073 54.3
1.4 55.155 56.0 52.5
1.5 53.544 50.5
1.6 52.023 52.0 49.0
1.8 49.237 49.0 46.8
2.0 46.761 44.0 46.8 44.0
2.5 41.651 40.0 41.5 39.8
3.0 37.679 36.5 38.0 36.4
3.5 34.495 34.0 34.0 33.9
4.0 31.882 32.0 31.4 31.6
4.5 29.707 29.5 29.4 29.6

5.0 27.849 27.8 27.7
5.5 26.234 26.2
6.0 24.861 24.8
12.0 15.922 16.23
20.0 11.240 11.38
29.0 8.6618 8.61

*These are not the units originally used by this experimenter.
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SECTION VI

COMENTS PERTINENT TO DATA PRESENTATION 101D FORMAT

The physical constants which have been used were taken exclusively from

the recent recommendations by Cohen and DuMond in reference 120. The system

of atomic weights based on carbon 12 have been used throughout, and were

obtained from reference 121.

The data have been divided into two groups. The element8 are listed

alphabetically in the first group, and compounds and mixtures are listed

alphabetically under their most common name in the second group.

Pertinent information :bout each material has been listed at the top of

the first page. This includes the adjusted ionization potential, the number of

atoms per molecule, the percent by weight of each element in the compound or

mixture, the atomic number, the atomic weight, and the density of the material.

At the bottom of the last page the electron density, effective ionization

potential, the energy at which minimum ionization occurs, and the minimum

ionization have been tabulated.

All results have been presented using both density-dependent and independent

unit systems. When grams per square centimeter or milligrams per square

centimeter have been used as the unit of thickness, the calculations are

independent of the density, exce-pt for the very small perturbation from the

polariza:ion effect term. However, when millimeters, centimeters, or meters

were used, the numerical values are directly dependent upon the density which

has been selected, and the tabulations are strictly correct only for that

density.

When the material was a gas, meters and kilovolts per centimeter were

used. In other cases, millimeters have been used on the first page and centi-

meters were used on all succeeding pages. The units which have been used for

a given page have always been clearly listed at the top of each column.

The results have been presented using a fine energy grid to minimize the

need for interpolation. Since the low-energy region is of interest to many

groups, emphasis has been placed on careful presentation of the data in this

area.
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The electron density of a material is a useful quantity and has also been

calculated. The following relation was used:

Electron density = I (electrons/gram) (60)

where the summation extends over all of the atoms within the molecule. The

electron density in the above units appears at the bottom of the last page for

each material. An E format has been used to represent these results. The E

printed immediately after the digits indicates the power to which the factor

of ten following the digits must be raised, thus:

1.234E 23 = 1.234 x 1023

When the material was a mixture and not a true chemical compound, the

percent by weight of each element in the compound has been converted to a

ratio which would be equivalent to the number of atoms per molecule had the

mixture actually been a compound.

The unit of square centimeters has been consistently printed with the

power on the same line as the alphabetical characters, as is indicated below:

cm- = cm2
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APPENDIX

This appendix contains the results from a selective survey of energy loss,

range, pathlength, and straggling data for protons having energies greater than

100 kilovolts.

This collected experimental data has been compared to the calculations of

this report, as well as with the tabulations of references 1 through 9. Exten-

sive comparisons of the energy losses from all of the aforementioned repogs

have been made. Pathlength comparisons have been made only for eiulsion, wh,!re

proton track lengths may be observed directly. Since only the -tables or

Williamson and Boujot (Ref. 9) calculate the range, their results have been

compared with experimental range-data. All of the other reports in references

I through 9 calculate only the pathlength, which must be corrected for multiple

scattering effects in order that a valid comparison be made.

The comparisons of the experimental and calculated ranges also provide a

certain amount of verification of the multiple scattering technique which has

been used.

Error estimates have been displayed with the data wherever theywere

explicitly stated or could be readily estimated from the informaticn givan by

the experimenter.
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THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF BROLLEY AND RIBE (Ref. 63)

Experimental
Experimental Accuracy This Percent

Material E(Mev) Data (percent) Report Difference

Hydrogen 4.44 202.0 2.1 204.61 +1.3
Helium 4.45 88.02 2.3 88.634 +0.7
Nitrogen 4.42 75.68 2.3 75.862 +0.2
Oxygen 4.40 71.82 2.1 75.654 -5.3
Neon 4.43 68.34 2.2 67.243 -1.6
Argon 4.43 56.09 2.2 54.855 -2.2
Krypton 4.41 43.84 2.5 43.142 -1.6
Xenon 4.44 36,97 2.1 35.099 -5.1
Air 4.42 74.53 2.2 75.217 -0.9
Methane 4.43 109.2 2.0 109.60 +0.4
Carbon dioxide 4.43 75.68 2.1 74.672 -1.3

THIS COMPARISON IS FOR MANGANESE

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF GREEN, COOPER, AND HARRIS (Ref. 41)

E('.FV) EXPERIMENTAL T j-S REPORT* HILL, ET AL*
DATA PRCT PRCT

DIFF DIFF
t4000 218.0 221475 1.72
44500 206.0 206.86 .417
,5000 196.0 194.78 -. 622 190.60 -2,76
.5500 186.0 185.08 -. 495
e600P 177,0 176,73 -.153 174.36 -1,49
s6500 16910 168.55 -.266
,7000 162.0 160.11 -1.17 160.89 -.685
17500 156.0 152,89 -1.99
,8000 151.0 151.71 .470 149.50 -.993
,8500 147,0 147,55 .374
,9000 143., 143.39 .273 139.75 -2,27

,9500 140., 139.23 -. 550
Z.OOG 136,0 135,06 -. 691 131.26 -3,49

The mean percentage deviation of the tabulated data of this report from the
above experimental data is -0.206 percent.

The percent relative standard deviation of the tabulated data of this report
from the above experimental data is 0.895 percent.

The experimental error is approximately 2.5 percent.
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THIS COMPARISON IS FOR COPPER

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF GREEN#COOPER, AND WARRIS(REF 41)

E(MEV) EXPERIMENTAL THIS REPORT* HILL, ET AL*
DATA PRCT PRCT

DIFF DIFF
s4000 179,0 182.31 1.85
4500 172,0 174,49 1,45
-500 165.0 167,45 1.48 177.41 7,52
s5500 158,U 160.94 1.86
v6000 152.0 154,86 1.88 164.11 7,97
96500 147,0 149,45 1,67
t7006 142,0 144,04 1.44 152.51 7.40
%7500 137,0 139.65 1.93
s8000 133,0 135,27 1.71 142.46 7,11
*8500 128,0 131,85 3.01
.9000 125,0 128,44 2.75 133.77 7,02
39500 122,0 125,02 2,48
1.000 119,0 121,60 2.18 126.16 6,02

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 1.98 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 2.03 P'aRCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 2.5 PERCENT

THIS COMPARISON IS FOR TIN

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF GREENCOOPER, AND HARRISIREF 41)

E(MEV) EXPERIMENTAL THIS REPORT HILL, ET AL*
DATA PRCT PRCT

DIFF DIFF
94000 142.0 145,09 2.18
,4500 135.0 135,61 .452
,5000 128,0 127,69 -.242 129.40 1,09
.5500 122,0 121,10 *.738
,6000 l16t0 115,61 -.336 116.33 .284
,6510 11160 110.98 *.018
.7000 107.0 106.97 *.028 106.28 -.673
s7500 103.0 103.36 .350
s8000 100.0 99.919 -.081 98.263 -1.74
.8500 97.00 97,088 .091
.9000 94.00 94.257 .273 92.129 -1,99
,9500 91.00 91,426 .468
1.000 89.00 88,591 -.460 87,392 -1,81

THE MEAN PERCENTAGE DEVITION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .147 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
f OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .696 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 2.5 PERCENT
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THIS COMPARISON IS FOR GERMANIUM

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF GREEN,COOPER, AND HARRIS (REF 4j)

E(MEV) EXPERIMENTAL THIS REP6RT* HILL, ET ALt
DATA PRCT PRCT

DIFF DIFF
.4000 177,0 175,49 -.353
,4500 168,0 166,76 -.738
.5000 159.0 159,12 .075 162.75 2,36
15500 153,0 152,58 -.275
.6000 147.0 146.05 -.646 151.16 2,83
,6500 142.0 142,30 .211
s7000 138.0 138,06 .043 141.17 2.30
o7500 133,0 133,89 .669
.8000 130.0 129,32 -.523 132.38 1,83
,8500 126,.0 124,41 -1.26
19000 123,0 119,51 -2.84 124.64 1.33
.9500 119.0 114,60 -3.70
1.000 116,0 109,69 -5.44 1±7.82 1,57

THE HEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS -1,17 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 2,07 PERCENT

THE .EXPERIMENTAL ERROR IS APPROXIMATELY 2,5 PERCENT

THIS COMPARISON IS FOR SELENIUM

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF GREENCOOPER, AND HARRIS(REF 41)

E(MEV) EXPERIMENTAL THIS REPORT* HILLs ET AL*
D;LTA PRCT PRCT

DIFF DIFF
s4000 168,0 168.14 .083
,4500 160.0 159.83 ".106
lqO0 154.0 153,11 -.578 147.30 -4,35
15500 148.0 147,61 '-.264
s6000 143,0 142.70 -.210 137,91 -3,56
o6500 138.0 138,76 .551
97000 13440 134,66 .493 129.67 -3,23
o7500 130,0 130,29 .223
.8000 126,0 125.27 w.579 122,36 -2,89
.8500 122.0 120,80 -.984
.9000 120,0 116,33 -3.06 115.75 -3.54
,9500 117,0 111.85 "4.40
1.000 115,0 107,37 06.63 109.83 -4,50

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIHENTAL DATA IS -1,19 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 09!.40 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 4.0 PERCENT
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THIS COMPARISON ZS FOR SILVER

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF GREENCOOPRR, AND HARRISIREF 41)

E(NEV) EXPERIMENTAL THIS REPORT* HILL, ET AL*
DATA PRCT PRCT

DIFF DIFF

o4000 150.0 150,62 .413
.4500 142,0 142,09 .063
*5000 135,0 134.57 -.319 128.03 -5,15
95500 128,0 127,81 -.148
m6000 121.0 121,29 .240 115.92 -4,20
s6500 116,0 115.97 -.026
s7000 111,0 110.90 -.090 106.53 -4,03
s7500 107,0 106,57 -.402
.8000 103,0 103.26 .252 99,929 -2.98
.8500 101.0 100.60 -.396
19000 9S.00 97.942 -.059 94,536 -3.53
39500 96.00 95,283 -.747
1.000 94.00 92,620 -1.47 89,902 -4,36

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROl4 THE ABOVE EXPERIMENTAL DATA IS -.207 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIHENTAL DATA IS .516 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 2.5 PERCENT

THIS COMPARISON !S FOR ANTIMONY

THIZ IS THE EXPERIMENTAL ENERGY LOSS DATA OF GRENCOOPER, AND HARRIS(REF 41)

E(MEV) EXPERIMENTAL THIS REPORT* HILL# ET AL*
-DATA PRCT PRCT

DIFF DIFF
s4000 146.0 146,54 .370
s4500 138.0 138,57 .413
65000 132.0 131,42 -.439 123.18 -6,68
s5500 125t0 124,86 -.112
s6000 119.0 118.77 -.193 110.96 -6.76
.6500 113,0 113,17 .150
s7000 108.0 108. 6 .148 101.86 -5.69
,7500 104,0 103,97 -.029
.8000 101.0 100.95 -.050 94.627 -6,31
#8500 96.00 97,092 -.927
19000 96.00 93,234 -2.88 88.589 -7,72
19500 93.00 89.376 -3.90
1.000 91.00 85.514 -6.03 83.956 -7,74

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
Or THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS -1.04 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 2,17 PERCENT

THE EXPERIMENTAL ERROR !S APPROXIMATELY 2,5 PERCENT
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THIS COMPARISON IS FOR GCLD

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF GREENCOOPERt AND HARRIS(REF 41)

E(MEV) EXPERIMENTAL THIS REPORT* HILL. ET AL*
DATA PRCT PRCT

DIFF DIFF
s4000 96,00 98.012 2,10
a4500 92.00 92.637 .692
e5000 88.00 88.077 .088 90.926 3,32
,5500 84.00 84.229 .273
e6000 80.00 80.891 1.11 65.129 6,41
t6500 78.00 77.942 ".074
17000 75.00 74.994 -.008 79,976 6,63
.7500 73.00 72.498--.688
.6000 71.00 70.003 -1.40 75,985 7,02
s8500 69.00 68.403 ".865
$9003 67.00 66.803 w.294 71.871 7,27
#9500 65.00 65.202 .311
1.000 64.00 63.601 v.623 68.34A 6,79

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .047 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABU-ATED DATA
OF THIS REPORT FROM THE ABOVE EXPEPIHENTAL DAT4 IS .876 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 2-5 PERCENT

T4HIS COMPARISON IS FOR LEAD

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF GREENDCOOPER, AND HARRISCREF 41)

E(HEV) EXPERIMENTLiL THIS REPORT* HILL, ET AL*
DATA PRCT PRCT

DIFF DIFF
m4000 100.0 99',802 -.198
.4500 95.00 94.678 -.339
s5000 90.00 90,308 .342 86.467 -3,93
,55010 86.00 86.326 .379
e6100 82.00 32.632 .771 80.110 -2,30
16500 79,00 79.850 1.08
e7000 75.00 77,074 2.77 75,076 .101
v7500 73.00 74.032 1.41
,8000 70.00 70,991 1.42 71.496 2,14
.8500 68.00 69.015 1.49
.9000 67.00 67.040 .060 67.596 .890
.9500 65.00 65,103 .158
1.000 64.00 63.087 -1,43 64.369 .577

THE MEAN PERCENTAGE DEVIATION OF YHE TABULATED DATA
OF TWIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .608 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF thIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 1.16 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 2,5 PERCENT
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jTHIS COMPARISON IS FOR BISMUTH

THIS IS THE EXPER!MENTAL ENERGY LOSS DATA OF GREENCOOPER, AND HARRIS(REF 41)

E(HEV) EXPERIMENTAL THIS REPORT. HILL, ET AL*
DATA PRCT PFCT

DIFr DIFF
,40G0 104,0 100.06 -3.79
t4500 99,00 94.927 -4.i.
.5000 94.00 90.545 -3,68 85.967 -8,53
s5500 90.00 86,554 '3.83
s6000 86.00 82.849 w3.66 79,617 -7.42
.6500 82,00 80.060 -2.37
s7000 70.00 77.276 -2.18 74,528 -5,66
t7500 75,00 74.226 -1.03
,8000 73.00 71,1.77 -2,50 70,994 -2,75
t8500 70.00 69.176 -1,18
.9000 69,00 67.176 -2.64 67.044 -2.83
19500 67.00 65.171 -2.73
l.o00 66.00 63.165 -4.30 63,821 -3,30

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL. DATA IS -2.92 PERCEWT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 3,10 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 2,5 PERCENT

THIS COMPARISON IS FOR NEON

THIS IS THE ELERIHENTAL ENERGY LOSS DATA OF CHILTONCOOPERjAND HARRIS (REF 64)

E(MEV; EXPERIMENTAL THIS REPORT.
DATA PRCT

DIFF
,4220 310.0 311,70 .548
,4240 290.0 310,56 7,09
,5170 280.0 279.03 -,346
l5190 269.0 278.44 3,51
,6680 236.0 238,72 1.15
,7300 217.0 227.24 4,72
,7330 217.0 226,67 4.46
09290 186.0 199.40 7t20
19300 191.0 199,28 4,34
,9380 175.0 192.60 10.1
,9920 186.0 192.26 2,27

THE MEAN PERCEnrAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 4.09 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 5.08 PERCENT

T kd EXPERIMENTAL ERROR !S APPROXIMATELY 3.5 PERCENT

64



AFWL-TR-65-150

THIS COMPARISON IS FOR NITROGEN

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF CHILTON, COOPER AND HARRIS(REF 64)

E(MEV) EXPER!HENTkL THIS REPORT*
DATA PRCT

DIFF
m4080 400.0 394.65 -o838
,4100 401.0 394,42 -1,39
,4540 371.0 376.43 1,46
,5020 362.0 378,88 4,66
,5030 351.0 343,92 -2,02
,5420 328.0 343,t5 473
.6480 296.0 291,20 -,946
s7160 275.0 274,12 -,320
.7170 264.0 273,64 3,65
,7'500 257.0 265,97 3,49
,9140 228.0 235,95 3,49
.9420 217.0 231,86 6,85
,9730 207.0 227.15 9,73
,9740 228.0 226,68 -.579
1.001 209.0 222,58 6,50

THE MEAN PERCENTAGE DEVIAfION OF THE TABULATED DATA
OF TWIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 2.56 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 4.29 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 4.0 PERCENT

THIS COMPARISON IS FOR XENON

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF CHILTON* COOPER AND HARRIS(REF 64)

E(MEV) EXPERIMENTAl, THIS REPORT*
DATA PRCT

DIFF
,4370 121.0 136,38 12.7
,4410 121.0 135,73 12.2
,5360 111.0 122o68 10.5
.5380 115.0 121.91 6.01
,6790 93.00 106,04 14.0
,7480 87.00 10201i 17.3
7500 93.00 101,61 9,26
,9430 78.00 85,668 9.83
.9690 77.00 83,426 8.35

THE MEAN PERCENTAnE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 11.1 PERCENT

THE PERCENT RELAT!VE STANDARD DEVIATION OF THE TAABULATED-DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 11,6 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 3,5 PERCENT

THIS EXPERIMENTAL DATA DISAGREES STRONGLY WITH THAT OF REFS 4 AND 56
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THIS't OMPARISON IS FOR NICKEL

THIS IS THE EXPERIMENTAL ENERGY LOSS DAIA OF CHILTONs COOPER AND HARRIS(REF 64)

E(MEV) EXPERIMENTAL THIS REPORT*
DATA PRCT

DIFF
,5270 172.0 176,66 2.72
,7040 149.0 151.54 1,70
,70G0 150.0 149,35 -,433
,7390 143.0 146,56 2,49
.7410 142.0 146.32 3,04
,7550 145.0 145,04 ,02e
.7570 146,0 144e$6 -. 7831
.9150 128.0 134,04 4,72
,9 50 126,0 132,81 5.40
,9410 34.0 132,44 -1,16
,9490 126.0 131.95 3.09
,9510 132t0 131,82 ",136
.9770 129.0 130,22 .946
1.000 127.0 328,79 14
1.007 122.0 128,7 515
1.046 120.0 125,49 4.57
1.047 12S.0 125,42 2.80
1.057 121.0 125,21 3,48

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 2,17 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 2.97 PERCENT

THE EXPERIMENTAL ERROR IS PPROXIMATELY 3.0 PERCENT

THIS COMPARISON IS FOR COPPER

THIS IS TIC EXPERIMENTAL ENERGY LOSS DATA OF CHILTONs COOPER AND HARRISCREF 64)

F(mEV) ;EXPERIMENTAL THIS REPORT*
PATA PRCT

DIFF
,4460 16?.0 175.12 3.62
,5320 158.0 163.26 3134
,6030 150.0 154,54 3.03
,7130 140.0 142,90 2,07
,7550 137.0 139,21 1,61
s8120 132.0 134,45 1,86
.9490 120.0 125.09 4,24
,9960 115.0 121.85 5,98
1.006 112.0 12.18 8,20
1-060 113.0 11Z.26 4,65

THE MEAN PERCENTAGE DEVIATION OF TIlE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 3,86 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA

OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 4.32 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 2.0 PERCENT
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THIS COMPARISON IS FOR ARGON

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF CHILTON, COOPER AND HARRIS(REF 64)

E(MEV) EXPERIMENTAL THIS REPORT*
DATA PRCT

DIFF
,4210 225.0 243,56 8,25
,4760 224.0 226,69 1,20
.5190 215.0 215,39 .181
,5670 207.0 205,39 -,778
,6620 176.0 190106 7.99
,713f) 187.0 182,32 -2,50
.7780 176,0 173,85 -1,22
,9290 154.0 155.36 ,883
.9320 155.'0 154,99 -,006
,9710 154.0 150,27 '2442
49890 149.0 148,09 -,611

THE MEAN PERCENTAGE DEVIATION-OF THE TABULATED DATA
OF TWIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .997 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERiMENTAL DATA IS 3.68 PERCENT

THE ZXPERIMENTAL ERROR IS APPROXIMATELY 3,5 PERCENT

THIS.COMPARISON IS FOR KRYPTON

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF CHILTON#COOPER AND HARRIS (REF 64)

E(MEV) EXPERIMENTAL THIS REPORT#
DATA PRCT

DIFF
.4200 163.0 155.09 -4,85
.5160 150.0 141.14 "5.91
,5270 154.0 139.84 "919
,6650 130.0 126.08 -3.02
.6750 129.0 122.95 -4,69
o7330 124.0 120,66 -2.69
,7430 122.0 119,97 "1,66
,9290 107.0 107,90 .841
*9410 107.0 107.54 ,505
.9890 103.0 104.66 1,61

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE-EXPERIMENTAL DATA IS -2,91 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 4,33 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 4,0 PERCENT
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THIS COMPARISON IS FOR HYDROGEN

THIS IS THE EXPE'RIHENTAL ENERGY LOSS DATA OF REYNOLVS*ET AL (REF 56)

E(MEV) EXPERIMENTAL THIS REPORTv HILL# ET AL*
DATA PRCT PR-T

DIFF )1FF
11000 3484, 3480.7 '.095
.1300 2808. 2807.7 -.011
s2000 2330, 2330.8 .030
t2500 1989, 1990.8 .090
3000 1729, 1743.1 .816
.3500 1554o 1555.7 109
,4000 1404, 1407.2 .228
a4500 1279, 1284.1 .399
.5000 1177, 1179.7 229 1180.1 .263
05500 1087, 1091.2 .38&
, 000 1016. 1017.7 .167 1027,0 1,08

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .214 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .321 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 4,0 PERCENT

THIS COMPARISON IS FOR HELIUM

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF REYNOLDS,ET AL (REF 56)

E(MEV) EXPERIMENTAL THIS REPORT. HILL, ET AL*
DATA PRCT PRCT

DIFF DIFF
.1000 1098. 1096,1'173
,1500 958,4 954,64 -.392
s2000 835.1 832,61 .298
o2500 738,8 736,13 -.361
.3000 663,5 661,65 w.279
3900 603.4 602,87 -.088
o4000 555,2 554,41 -.142
,4500 514,6 513,14 -.284
,5000 478,4 477.81 '.123 468,95 -1,98
.5500 449,9 447,36 0.453
,6000 422,8 422,19 o.144 412.74 -2,38

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM UE TUCADOVE EXPERIMENT-AL DATA IS -.249 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS R8PORT FROM THE ABOVE EXPERIMENTI. DATA I .275 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 4,0 PERCENT
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THIS COMPARISON IS FOR CARBON

THIS IS TWE EXPERIMENTAL ENERGY LOSS DATA OF REYNOLDSPET AL (REF 56)

E(MEV) EXPERIMENTAL TH!S REPORT* HILL, ET AL*
DATA PRCT PRCT

DIFF DIFF
11000 81.,9 822,92 .9e4

4500 732,1 720,41 -1.60
.2000 636.9 635.71 -.187
t2500 565,6 566414 .095
93000 5±1.5 509,25 -.440
,3500 466,4 462,81 ".770
o4000 428.2 424,35 -.782
.4500 398,2 393,63 -1.15
.5000 370,1 37,65 -.662 357.62 -3.37
,5500 348.5 345,65 -.816
,6000 328,5 326,61 -.575 317.99 -3,20

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA I5 -.536 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .838 PERCENT

THE-EXPERIMENTAL ERROR IS APPROXIMATELY 4.0 PERCENT

THIS COMPARISON IS FOR OXYGEN

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF REYNOLDSET AL (REF 56)

ECHEV) EXPERIMENTAL THIS REPORT* HILLt ET AL*
DATA PRCT PRCT

DIFF DIFF
41000 646,4 669,76 3.61
,i500 607,2 600.68 '1.07
.2000 55314 543,55 '1,70
,2506 500.0 494,09 91,15
63000 451.4 450,79 '.135
,3500 414,4 413,32 -.261
.4000 385,0 381,69 ".860
s4500 35,6 35572 w.022
,5000 332.6 334,66 .559 322.73 -3,03
.5500 315,4 317,17 .561
o6000 297.8 301.66 1,30 289.34 -2.84

THE MEAN PERCENTAGE DEVIATION OF 7HE TABULAfED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA zS .065 PERCENT

THP PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED VATA
OF THIS REPORT FROM T:n ABOVE EXPERIMENTAL DATA IS 1.41 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 4,0 PERCENT
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THIS COMPARISON IS FOR NITROGEN

THIS If THE-EXPERIMENTAL ENERGY LOSS DATA OF REYNOLDSPET AL 'REF '-S)

E(MEV) EXPERIMENTAL THIS REPOR'T* HILL* ET AL'

DATA PRCY PRCT
DIFF DIF

.1000 769,6 774.81 .677
1500 692.2 693,26 .153
200 610,4 .606,52-.636
2500 137,4 534163 -. 515
3000 491,6 478,65 -.613
.3500 .435,6 436,92 .303
s4000 401,6 401,15 '.012
4500 370,6 370,91 .084
:5000 347,8 344.76 -.874 340,04 -2.23
5500 327,2 323,68 1! 0S
:6000 310,0 307,28"o.877 303.44 -2,1,2

THE MEAN PERCENTAGE DEV!ATION OF THE TABULATED DATA
OF Ti4IS REPORT FROM'THE ABOVE EXPERIMENTAL DATA IS -.308 PERCENT

THC PERCENT RELATIVE'STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTA4 DATA IS .626 PERCENT

THE EXPERISENTAL ERROR IS APPROXIMATELY 4,0 PERCENT

THIS COMPARISON IS FOR NEON

THIS. IS THE-EXPERIMENTAL ENERGY LOSS DATA OF REYNOLDSET AL (REF 56)

ECMEV) EXPERIMENTAL THIS REPORT* HILL, ET AL*

DATA F'RCT PRCT
DIFF DIFF

.1000 435.7 435,67 .039
1.500 435.7 438,74 .698
s2000 420,8 417,72 -.732
,250C 393,9 393,99 .023
,3000 368,2 365,68 v.684
,3500 343,2 341,18 o.589
s4000 320,8 319,66 -.359
s4500 302.9 300,71 o.723
,5000 285,9 284,03 '.654 285.92 .007
t5900 271,3 269,32 -.730
,6000 258.1 256416 w.752 258,96 .333

THE MEAN PERCENTAGE DEVIATION OF THE IAULATED DATA

OF TRIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS -.405 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA

OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .604 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 4,0 PERCENT
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THIS r"hPARISON IS FOR. ARGON

THIS IS THE EXPERIMENTAL E.,EROY LOSS DATA OF REYNOLStET AL (REF 56)

E(MEV) EXPERIMENTAL THIS REPORTs HILL, ET AL*
DATA PRCT PRCT

DIFF DIFF
11000 491,6 487@80 -.773
,1500 425,2 427,01 .426
s2000 369,4 373,13 1.01
,2500 325,7 328,22 .774
,3000 290,4 294,13 1228
,3500 269,9 269,35 -.204
,4000 250,3 250,37 .028
,4500 234,5 234,16 -.145
13000 221,7 219,80 -.857 214.41 -3,29
,5500 209,6 208,20 -.668
s6000 200,5 199.94 '.279 192.41 -4O3

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .054 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .699 PERCENT

THE EXPERIMENITAL ERROR IS APPROXIMATELY 4,0 PERCENT

THIS COMPARISON IS FOR KRYPTON

THIS IS T9F EXPERIMENTAL ENERGY LOSE DATA OF REYNOLDSET AL (REF 56)

E(MEV) EXPERIMENTAL THIS REPORT* HILL, ET AL*
DATA PRCT PRCT

DIFF DIFF
11000 289,6 2841,78 "1.66
1500 254.7 247,87 o2.68
.2000 223,3 220,01 -1.47
o2500 199,4 198.68 ".361
.3000 182,6 18207 '.290
.3500 169.5 168,96 -.319
@4000 160.0 158,48 -.950
t4500 152,0 150,00 -1.32
#5000 144,8 143,02 -1,23 140.32--3,09
15500 138,9 137,14-"1,22
v6000 131.8 131,99 W1.35 130,96 -2,12

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS -1,17 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION-OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 1,35 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 4,0 PERCENT
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THIS COMPARISON IS FOR XENON

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF REYNOLDSjET AL (REF 56)

E(MEV) EXPERIMENTAL THIS REPORT* HILL* ET AL*
DATA PRCT PRCT

DIFF 0IFF
41000 232,6 229,89 "1117
,1500 207.8 207,56 ".115
o2000 192.2 190099 -.630
o2500 177.4 -176,50 -.507
.3000 164.6 163.39 -.735
03500 153.5 151,92 -1.03
,4000 144,4 142,31 -1.45
o4500 .36.9 134,2', -1.91
15000 131.5 127,31 -3,19 117,59 -10,3
.5500 125,9 120,88 -3,99
46000 121.4 114,89 -5,36 106.66 -12'4t

THE MEAN PERCENTAGE DEVIATION OF THE TABULjA.ED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA 15 -1,82 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE T,BULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 2t42 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 4.0 PERCENT

THIS COMPARISON IS FOR LITHIUM

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF BADERjET AL (REF 42)

E(MEV) EXPERIMENTAL THIS REPORT* HILL# ET AL* *WILLIAMSON*
DATA PRCT PRCT PRCT

DIFF DIFF DIFF
.1000 754,9 751,84 -.405
.1500 669,9 675,80 .881
.2000 598.7 606,44 1.29
.2300 546,7 546,29 -,075
.3000 498,9 495,71 -.639
.3500 458.2 453,72 -,978
.4000 423,5 418,70 -1.13
.4500 390,5 389,01 -.382.5000 360,1 363,27 .880 366,58 1,80 341.79 5,08
.5500 338,4 340,59 .647
.6000 316s7 320,54 1.21 327,09 3,28 302.20 -4.58
7000 285,5 288,06 ,897 296.13 3,72 272.43 -4,58
.8000 262,9 261,99 -.346 271.05 3,10 249.00 -5,29
.9000 242.1 253,44 4.68 250,18 V,34 229.94 -5,02
1.000 227,3 244,87 7.73 232.11 2.12 214.05 -5t83
1,200 208,2 214,46 3.01 188.85 -9,29
1.400 195.2 191.2? --2.01 169.62 -13,1

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA

OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA 15 .898 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 2.47 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 3,0 PERCENT
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AWL-TR-65-150

THIS COMPARISON IS FOR FLUORINE

THIS IS TRE EXPERIMENTAL ENERGY LOSS DATA OF BADERET AL (REF 42)

E(HEV) EXPERIMENTAL THIS REPORT* *WILLIAMSON*
DATA PRCT PRCT

DIFF DIFF
13000 386,7 395,92 2,38
t3500 361,4 363,29 .523
s4000 339,1 336,41 -.793
.4500 313,8 314,49 .220
.5000 294.7 296,75 .696 304.69 3.39
.5500 278.9 282,41 1.26
.6000 272,6 270,68 -. 704 274.72 .778

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .512 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF IHE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL-DATA IS 1,15 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 3.0 PERCENT

THIS COMPARISON IS FOR ALUMINUM

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF BADERET AL (REF 42)

E(MEV) EXPERIMENTAL THIS REPORT* HILLO ET AL* *WILLIAMSON*
DATA PRCT PRCT PRCT

DIFF DIFF 0!FF
.2000 390,6 344,46 -11.8
.3000 328,1 305,58 -6.86
.4000 279,0 276.04 -1.06
.5000 256,7 251.99 -1.83 255.92 -.304 258.87 ,845
.6000 241.1 229t99 -4.61 233,22 -3.27 236.89 -1,75

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS -5.24 PERCENT

THE PERCENT RELATIVE STANDARD DEVIAfION OF THE TABULATED DATA
OF TWIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 6-52 PERCENT

YHE EXPERIMENTAL ERROR IS APPROXIMATELY 3.0 PERCENT
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THIS COMPARISON 1S FOR CALCIUM

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF OADERET AL (REF 42)

E(MEV) EXPERIMENTAL THIS REPORT* HILL, ET AL*
DATA PRCT PRCT

D!FF DIFF
,2000 389,1 392,01 .748
,3000 320,0 320,34 .106
.4000 264,5 265,61 .420
,5000 229,9 232,60 1.17 229.35 -,239
o6000 214,8 213,40 -.652 206.71 -3,77

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .359 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .714 PERCENT

THE EXPERIMENTAL ERROR IS AFPROXIMATELY 3,0 PERCENT

THIS COMPARISON IS FOR VANADIUM

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF BADERET AL (REF 42)

E(MEV) EXPERIMENTAL THIS REPORT* HILL, ET AL*
DATA PRCT PRCT

DIFF DIFF
v2000 353,4 354,49 .308
,3000 299.0 298,33 -.224
,4000 252,9 254.19 .510
.5000 218,6 220,57 .901 196.57 -±0,1
t6000 196,2 195,97 -.117 178.79 -8,87

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .276 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .496 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 3,0 PERCENT
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S AFWL-TR-65-150

THIS COMPARISON IS FOR CHROMIUM

* THtS IS THE EXPERIMENTAL ENERGY LOSS DATA OF RADERET AL(REF 42)

E(MEV) EXPERIMENTAL THIS REPORT* HILL, Er AL*
DATA PRCT PRCT

DIFF DIFF

s2000 338,1 337,99 -.033
o3000 288,3 287,65 w.225
t4000 247,8 248,17 .149
o5000 213,0 218.01 2.35 198.44 -6,84
16006 198,0 195,63-1.20 180.87 -8,65

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .209 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 1.19 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 3AQ PERCENT

THIS COMPARISON IS FOR IRON

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF BADER,ET AL(REF 42)

E(MEV) EXPERIMENTAL THIS REPORT* HILL, ET AL*
DATA PRCT PRCT

DIFF DIFF
o2000 295,5 295.35 -.051
s3000 263,1 263,65 .209
o4000 227.5 227.15 -.154
s5000 195,1 197,26 1.11 192.21 -1,48
s6000 181.1 179,80 -.718 176.18 -2,72

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .079 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .602 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 3,0 PERCENT
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AEWL-TR-65-150

THIS COMPARISON IS FOR COBALT

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF BADERET AL(REF 42)

E(MEV) EXPERIMENTAL THIS REPORT* HILL, ET AL*
DATA PRCT PRCT

DIFF DIFF
&2000 262,6 264,16 ,594
s3000 231,9 232,36 .198
,4000 201v3 200,93 -.184
o5000 175,7 177,74 1,16 185.23 5e42
,6000 170,0 170,09 .053 170.30 .176

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS ,365 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .596 PERCENT

THE EXPERIHENTAL ERROR IS APPROXIMATELY 3,0 PERCENT

THIS COMPARISON IS FOR NICKEL

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF BADERET AL (REF 42)

E(IEV) EXPER!MENTAL THIS REPORT* HILL, ET AL*
DATA PRCT PRCT

DIFF DIFF
,2000 249,2 251v26 .827
,3000 235.9 234,47 -.606
,4000 205,1 206,16 .517
,5000 180,5 181,60 .609 189,09 4,76
,6000 171,3 164,93 -3,72 174.37 1,79

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS -.474 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 1,76 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 3,0 PERCENT
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A1L-TR-65-150

THIS COMPARISON IS FOR COPPER

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF BADERsET AL (REF 42)

E(MEV) EXPERIMENTAL TRIS REPORT* HILL# ET AL* *WILLIAMSON*
DATA PRCT PRCT PRCT

DIFF DIFF DIFF
91000 227,5 275,66 -.809
.1500 227,5 227,21 -,127
2000 217,0 221,45 2.05
o2500 205,7 211,34 2,74
.3000 199,0 200,95 .980
.3500 19115 191,12 -.198
.4000' 181,8 182,31 .281
.4500 178 2 174,49 -2.08
.5000 171,6 167,45 -2.42 177,4t 3,39 139,37 -18.8
.5500 165,0 160,94 -2.93
.6000 160,1 154,86 -3.27 164.11 2150 136,17 -14,9

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS -.526 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA

OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 1,98 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 3.0 PERCENT

THIS COMPARISON IS FOR ZINC

THIS IS THE EXPERIMENTAL ENERGY LOSS-DATA OF BADER,ET AL(REF 42)

E(MEV) EXPERIMENTAL THIS REPORT* HILL, ET AL*
DATi PRCT PRCT

DIFF DIFF
.2000 223.8 218,84 -2e22
.3000 211.8 194,08-8.37
64000 187,9 175,37--6.67
s5000 171,3 160s34 -6,40 174.03 1,59
,6000 162,1 146,93 -9.36 161.51 -.364

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FAOM THE ABOVE EXPER!HENTAL DATA IS -6.60 PERCENT

TH I'ERCET RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE APOVE EXPERIMENTAL DATA IS 7.04 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 3.0 PERCENT
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AFWL-TR-65-150

THIS COMPARISON IS FOR GOLD

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF BADERET AL (REF 42)

E(HEV) EXPERIMENTAL HILL# ET AL* *WILLIAMSON*
DATA PRCT PRCT

DIFF DIFF
,1000 105,5 104,91 -.559
#1500 115,8 116,33 .458
s2000 118,9 118,68 -.185
t2500 115,8 115,79".009
.3000 110,7 110,35 -.316
o3500 103,9 104,08 .173
s4000 97.22 98,012 .815
-4500 91.71 92.637 1.01
,5000 86.82 88.077 1.45 38,605 -55.5
s5500 83,4 84.229 .921
o6000 80.40 80.891 .611 40,461 -49,7

THE MEAN PERCENTAGE DEVIATION OF TAE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .397 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .719 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 3,0 PERCENT

THIS COMPARISON IS FOR LEAD

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF BADERsET AL (REF 42)

E(MEV) EXPERIMENTAL THIS REPORT* HILL# ET AL* *WILLIAMSON*
DATA PRCT PRCT PRCT

DIFF DIFF DIFF
.1000 120,9 121490 .827
.1500 127,0 127,51 .402
.2000 126,7 126,11 -,466
.2500 121,2 120)48 -,594
.3000 11.3,3 113,18 *,106
.3500 106,1 106,01 -.085
.4000 99.98 99,802 -"178
.4500 93.88 94,678 ,850
.5000 88.94 90,308 1.54 86.467 "2,78 36.363 -5991
.5500 84.86 86.326 1.73
t6000 81,35 79.850 -1.88 80,110 =1,56 36.i57 "53,i

THE MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXP'ERIMENTAL DATA IS .185 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS 1,00 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 3,0 PERCENT
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THIS COMPARISON I~i FOR SILVER

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA OF BICwSbLS SUMMARY IN REFERENCE 4

E(MEV) EXPERIMENTAL HILL# ET AL*
DATA PRCT

DIFF
,4000 151.0
,4500 142.0
,5000 134.0 128.05 -4.44
,5500 128.0
,6000 122.0 115,92 -4.98
.7000 113.0 106.53 -5.73
38000 105.0 99.929 -4,83
.9000 99.00 94,536 -4.51
1.000 94.00 89,902 -4,36
1.100 89.00
1.200 85.00
1.300 82.00
1.400 79.00
1.500 75.00
1.600 72.00
1.800 68.00
2.000 64.00 63,746 -.397
2.500 56.00
3.000 51.00 50.484 -1.01
3.500 46.00
4.000 42.00 42.302 .719
4.500 39.00
5.000 37.00 36.639 -.976
5.500 34.00

6.000 32.00 32.467 1.46

ThIS COMPARISCN IS FOR TIN

THIS IS THE EXPERIMENTAL ENERGY LOSS DATA Or BICMSbLS SUMMARY IN REFERENCE 4

E(MEV) EXPERIMENTAL THIS REPORT* HILL, ET AL*
DATA PRCT PRCT

DIFF DIFF
40.00 142.0 145.09 2.18

t4560 134.0 135,61 1.20
.5000 127.0 127,69 .543 129.40 1.89
,5500 121.0 121,10 .083
.6000 115.0 115,61 .530 116.33 1.16
.7000 107.0 106,97 -.028 106.28 -.673
,8000 100,0 99.919 -.081 98.263 -1.74
09000 94.00 94.257 .273 92.129 -1.99
1.000 89.00 88.591 -.460 87.392 -1.81
1.100 85.00 84.296 -.828
1.200 81.00 80.465 v.660
1.300 78.00 77.018 -1.26
1.400 75.00 73.924 -1.43
1.500 71.00 71.123 .173
1.60 68.00 68.640 .941
1.80c 65.00 64.259 -1.14
2.000 61.00 60.510 -.803 60.808 -.315
2.50C 53.00 53.156 .294
3.000 48.00 47.710 -.604 48.131 .273
3.500 44.00 43.457 -1.23
4.00C 40.00 40.016 .040 40.236 .590
4.500 37.00 37.160 .32
5.000 35.00 34.740 -.743 34.845 -. 443
5.500 33.00 32.739 -.791
6.000 31.00 30.926 -.239 30.903 -.313

TH MEAN PERCENTAGE DEVIATION OF THE TABULATED DATA
OF THIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS -.145 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA
OF T8IS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .850 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 1.0 TO 10. PERCENT
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THIS CGMPARISON 1S FOR ALUMINUM

THIS IS THE EXPERIMENT.AL ENERGY LOSS DATA OF NIELSEN (Ref. 130)

E(MEV) EXPERIMENTAL STERNWEIMER*
DATA PRCT

DIFF

1.000 172.4
1.500 133.3
2.000 109.9 110.80 ,819

2.500 94.20
3.000 82.80 83.160 .435
3.500 74.20
4.000 67.40 67.440 .059
4.500 62.00
5.000 57.40 57.190 -.366

THIS COMPARISON IS FOR NICKEL

THIS IS THF EXTERIMENTAL ENERGY LOSS DATA OF NIELSEN (Ref. 130)

E(MEV) EXPEkIMENTAL THIS REPORT* HILL# ET AL* *WILLIAMSON-

DATA PRCT PRCT PRCT
0IFF D(FF DIFF

1.000 126.8 128.79 1.57 133.38 5.19 !23.05 -2,96

1.500 100.8 101,22 .417 100.71 -.089

2.000 84.60 84.973 .441 86,471 2.2 85.497 1.06

2.500 73.50 73.893 535 74.598 1,49

3.000 65.40 65.;64 .557 66.464 1,63 66.399 1,53

3.500 59.30 59,475 .295 59.992 1,17

4.000 54.40 54.427 .050 54.990 1.0$ 24.843 .796

4.500 50.50 50.264 -,467 50.582 .162

5.0UO 47.40 46,761 -1.35 47.274 -.266 47.011 -.821

THE MEAN PERCENTAGE CEVIATION OF THE T-ASULATED DATA

OF TsoIS REPORT FRON THE ABOVE EXPERIMENTAL DATA IS .228 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE TABULATED DATA

OF TkIS REPORT FROM THE ABOVE EXPERIMENTAL DATA IS .785 PERCENT

THE EXPERIMENTAL ERROR IS APPROXIMATELY 3.0 P.,;ENr
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THIS PATH LENGTH COMPARISON IS FOR !LrORD EMULSION (G-5)

PROTON EXPE6IMEN!AL t-Ti!S REPORT**

ENERGY PATH LENGT PRCT

(HEVI HICRONS MICRONS DIFF

.1000 .9!000 (REF. 133) 1,0200 3.0s

.205 1.7800 (REr. 1331 J.7900 ,562

,300 2.7600 cREF, 133) 2,750G .@362

.400C 3.9100 (REF. 133) 3.6900 e,512

,60ba0 6.6900 (REF. 133) 6.6630 ,,448

i10-20 13.920 (REF. 133) 13,890 c,216

1,200 19.300 (REF. 134) 18.260 .5.3*

1.295 -20.690 (REF. 127) 20.500 -,918

i-500 25.630 (REF. 133) 25,670 .156

P,000 40.010 (REF. 133) 40,140 ,325

2,421 53.890 (REF. 127) 54,260 *687

2,450 55.670 (REF 127) 55.300 =.665

2.590 59.600 (REF. 134) 60,400 1.34

3m000 76.430 (REF. 133) 76,42a0 ..026

3,200 82.700 (REF. 134) 84,770 2.5G

3,250 83.900 (REF. 134) 86,920 3.60

4,000 121,00 (REF. 133) 121.72 ,595

4,510 147.00 (REF. 134) 148.12 .762

4.750 159,50 (REF. 134) lbl.28 1,12

4,960 170.00 (REFz 134) !73.16 1.87

4,990 171.00 (REF. 134) 174.90 2.28

5,000 175. 9 0 (REF. 133) 175.48 9;239

5=000 175.10 (REF. 127) 175.48 .217

!,477 204.60 (REF. 127) 203.97 -,303

6,000 237,90 (REF. 133) 237.26 o.269

6,240 25f.00 (REF. 134) 253.25 -1.07

7.000 307M40 (REF. 1273 306.75 e,341

7,630 321.00 (REF. 134) 313.28 *j2.37

0,000 385.30 (REF. 133) 383.67 2o423

9,0fe 470.30 (REF. 1331 467.83 .,525

9.050 474.00 (REF. 134) 472.22 -,376

9.090 482.00 (REF. 1341 475.75 W1.30

10.00 562,50 (REF. 133) 559.06 a.612

10.00 562.70 (REF. 127) 559.06 X,647

l1.00 662,00 (REF. 133) 657.i9 6727

12.00 768.50 (REF. 133) 762.10 a.833
13.00 882.00 (REF. 133) t73.65 a,947

13.06 896.10 (REF. 134) 880.55 91.74

13.96 988.20 (REF. 127) 986.91 v,131

14.00 1002.4 (REF. 133) 991.76 .1.06

21.21 2056,0 (REF. 127) 2029.0 .1.31

33.64 4580.0 (REF. 80 ) 4530.8 a1.07
36.55 5345.0 (PEF. 127) 5238.6 m1.99

200.0 10309. (REF. 127) 10036, =2.65
310.0 24739. (REF. 127) 24120. .2.50

540.0 51402, (REF. 127) 49833. .3.05

70C.0 74967. (REF. 127) 73388. .2,J1

THE EAN DEVIATION 'IF THE CALCULATIONS OF THIS REPORT FROM ALL

THE ABOVE EXPERIMENTAL PATH LENGTH DATA IS -.3a5 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF THE CALCULATIONS OF THIS REPORT FqOM ALL

THE ABOVE EXPERIMENTAL PATV LENGTH DATA IS 1.62 PERCENT

THE UNITS OF REFERENCE 127 9AVE BEEN CHANGED TO MICRONS FOR PRESENTATIOM EHRE
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THIS RANGE COMPARISON IS FOR ALUMINUH

PROTON EXPERIMENTAL *THIS REPORT** *.WILLIAMS3N**
ENERGy RANGE PRCT pR3T
(M=V) GH/CH2 Gm/Cm2 DIFF GH/CM2 DIF

o1L70 0002e (REF. 123) .00026 O
.1660 #00039 (REF, 123) ,00042 7s69
2570 .00062 (REF. 123) .00072 5,88
.3420 .00093 (REF. 123) ,00096 3,23
,4330 .00126 (REF. 123) 00129 2.38
,4860 100145 (REF. 123) 60149 2376
,5200 00160 (REF. 123) 00163 1,88
.6300 00207 (REF. 123) 00209 *966
.7450 00260 (REF, 123) 00263 1,15
.,000 00385 (REF. 129) 00397 3,12
1,055 00420 (REF. 123) 00429 2,14
130 0046e (REF. 122) 00475 1,93

1,352 00619 (REF. 122) 00619 o.
1,393 00642 (REF, 123) 00648 ,935
1,5d9 .00810 (REF, 122) 00793 2.i
1,623 ,00827 (REF, 122) ,00819 -.967
1,842 .01015 (REF, 123) 00997 -1.77
1,911 .01068 (REF, 122) 01057 -1,03
2.000 .01114 (REF, 129) 01136 ic9 7

2,114 012.64 (REF, 122) 01240 -1.90
2,677 O-_1 ZREF, 122) 1018J4 -. 928
3,000 021"1 (REFs 129) 02185 .645
3,062 .0228;5 (REF, 122) 02260 -tS09
4,006 .03471 (REF, 129) 03521 1,44 ,01504 ;951
4,C23 03574 (REF, 122) 03555 -.532
5.000 .05083 (REF, 129) 05128 .885 .?5 00 .334
5,058 .05231 (REF, 122) 05194 -.707
5,504 C6051 (REF. 122) 106037 -.231
6,000 06071 (REF, 129) 06993 .316 .06960 -.1
6,150 ,07301 (REF, 36 ) 07295 -.082
7,000 09114 (REFe 129) '09105 -.399 ,09077 -.,-06
e,000 11460 (REF. 129) 11458 -.317 .114,43 -.148
11,82 22633 (REF. 36 2258.2 -.225
14,97 34263 (REF. 36 ) 341E!) -.242
17,84 .46692 !REF, 36 ) 465,N 0,328
18,00 44700 (REF. 32 ) 47298 5.81 .47718 6,75

1,96 ,5480 (REF. 37 ) 1.5370 m.711
37,16 1.7630 (REF. 37 ) 1,7135 -2,81
39,66 !.9340 (REF, 37 ) 1,9244 w.496
42,57 2.2070 (REF, 37 ) 2.1832 -i,08
44,86 2,3930 (REF. 37 ) 2,3968 ,159
52,08 '.1810 (REF, 37 ) 3,1 69 -1,70
56,96 3.6940 (REF, 37 ) 3.6675 -.717
b2,10 4,2690 (REF. 37 ) 4,2769 .185
66,10 4,7740 (REF. 37 ) 4.7788 .101
73,05 5,6990 fREF, 37 ) 5.7072 .144
75,84 6,0636 (REF, 37 ) 6.05S8 .508
07,40 7,8200 (REF, 141) 7,8410 .269
'17, ; 3,230 (REF, 141) 13,279 .370
146,5 19,310- (REF, 141) 19,38c, .409
358,5 78,470 (R15, 35 ) 79,569 1.40
339,7 79,260 (REF, 35 ) 80,028 .969

THE lEAN DEVIATION OF THE CALCULATIONS OF THIS IEPORT FRO4 ALL
THE ABPVt- EXPERIHENTAL RAhrs DATA !S *575 PRCENT

T4E PERCENT RELATIVE STAN!rAPD DEVIATION OF THF CALULATOUS OF THIS REP RT FROI ALL
THE ABOVF EXPERIMENTAL RANGE DATA IS 2,24 PLRCEIJT

TUE EXPERIMENTAL DATA PoINT AT 18 HEV FRO4 REFEreC- 32 IS PROBAsLY IN E ROR

129



THIS STRAGGLING COMPARISON IS FOR BERYLLIUM

PROTON EXPERIMENTAL *THIS REPORT** *STERNHEIMR**
ENERGY STRAGGLING PRCT 3RCT
{iEV) PgRCENT PERCENT DiFF PERCENT o1Fr

10.00 1.7106 (REF. 36 1.3540 W2088 1.3820 -19,2
18.00 1.5500 (REF. 36 ) 1.2600 a17,4
339,7 1.1800 (REF. 35 ,97790 s17.1

THE MEAN DEVIATION OF THE CALCULATIONS OF THIS REPORT FROM ALL
THE ABOVE EXPERIHEKTAL STRAGGLING DATA IS -18.5 PERAENT

Tsq PERCENT RELATIVE STANDARD DEVIATION OF THE CALCULATIONS OF THIS REPORT FROM ALL
T4E ABOVE EXPERIMEhTAL STRAGGLING DATA IS 18.5 FERCENT

THE STRAGGLING SHOULD ACTUALLY BE CORRECTED FOR MULTIPLE SCATTERING EFrECTS

THIS STRAGGLING COMPARISON IS FOR ALUMINUM

PROTON EXPERIMENTAL *THIS REPORT-' *STERNHEIMER**
ENERGY STRAGGLING PRCT 3RCT
(MEV) PERCENT PERCENT DIFF PERCENT OIFr

6.000 1.6300 (REF. 36 ) 1.6520 1.35 1.7200 5,52
12.00 1.4900 (REF. 36 ) 1.4980 .537 1.5070 1,14
15.00 1.4200 (REF. 36 ) 1,4560 2.54
18.00 1.4200 (REP. 36 ) 1.4230 .211
75.80 1.4400 (REF. 37 ) 1.2200 -15.3
338.5 1.1700 (REF. 35 ) 1.0380 -1l,3
339.7 1.3100 (REF. 35 ) 1.0380 s20,8

THE MEAN DEVIATION OF THE CALCULATIONS OF THIS REPORT FROM ALL
THE ABOVE EXPERIMENTAL STRAGGLING DATA IS -6.10 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATiON OF THE CALCULATIONS OF THIS REPORT rROM ALL
THE ABOVE EXPEPImENTAL STRAGGLI4G DATA IS 10.7 PERCENT

THE STRAGGLING SHOULD AC7UALUY BE CORRECTED FOR MULTIPLE SCATTERING EFFECTS

THIS STRAGGLINO COMPARISON IS FOR COPPER

PROTON EXPERIMENTAL eTHIS REPORTe* *STERNNEIM=E**
ENERY STRAGGLING PRCT 2RCT
(MEV PERCENT PERCENY DIFF PERCENT 0IFF

£0.00 1.7100 (REF. 36 1.7290 l11 1.7490 2.28
18.00 1.-00 (REF. 36 1.5840 2.19
72.60 1,'2t0 (REF. 37 1,3180 .31.4
110.0 1.8100 (REF. 37 1.2540 .30s7 1.2850 -29.0
337,9 1.290 fREF. 35 1.093 1a,3
338.5 1.3620 (REF. 35 1,0920 -19.8
339,7 1.2430 (REF. 35 1.0040 ,1Q.2

THE MEAN DEVIATION OF THE CALCULATIONS OF THIS REPORT FROM ALL
THE ABOVE EXPERIMENTAL STRAGGLING DATA IS -15.5 PERCENT

THE PERCENT RELATIVE STANDARD DEVIATION OF TNE CALCULATIONS OF THIS REPORT FROM ALL

THE ABOVE EXPERIHENTaL STRAGGLING DATA IS 20.0 PERCENT

THE STERNHE!MER POINT AT i10 MEV WAS OBTAINED BY INTERPOLATiON
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AFWL-TR-65-150

TABULATIONS (ELEMENTS)

ALPHABETIC LIST OF MATERIALS

ALUMINUM 1OLYBDENUM
ANTTMONY NEON
ARGON NICKEL
BERYLLIUM NITROGEN (DIATOMIC)
BISMUTH -OSMIUM
SORON OXYGEN (DIATOMIC)
CADMIUM PLATINUM
CALCIUM RADIUM
CARBON SELENIUM
CESIUM SILICON
CHLORINE VIVER
CHROMIUM STRONTIUM
COBALT TANTALUM
COPPER THORIUM
FLUORINE TIN
GERMANIUM TITANIUM
GOLD TUNGSTEN
HELIUM URANIUM
HYDROGEN(DIATOMIC) VANADIUM
IRON XENON
KRYPTON ZINC
LEAD
LITHIUM
MAGNESIUM
MANGANESE
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TABULATIONS (COMPOUNDS AND MIXTURES)

ALPHABETIC LIST OF MATERIALS

AIR
BONE
BRASS
CALCIUM FLUORIDE
CARBON DIOXIDE
EMULSION (G-5)
EMULSION (NTA)
GLASS (PYREX)
LEXAN
LITHIUM FLUORIDE
LUCITE
METHANE
MUSCLE
NYLON
POLYETHYLENE
POLYSTYRENE
SAkAN
SCINTILLATOR (ANTHRACENE)
SCINTILLATOR (CS-i)
SCINTILLATOR (NAI)
SCINTILLATOR (PILOT B)
SCINTILLATOR (STILBENE)
SCINTILLATOR (TOLUNE)
SILVER BROMIDE
SILVER CHLORIDE
STEEL (STAINLESS)
TEFLON
IATER
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